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ABSTRACT  
 
Newbury, Sophia Sims (M.S. Geological Sciences) 
Sedimentary Response To Climate Change During The Paleocene-Eocene Thermal Maximum, 
Southeastern Bighorn Basin, Wyoming, U.S.A. 
Thesis Directed by Professor Mary J. Kraus 
The Paleocene Eocene Thermal Maximum (PETM) was a rapid episode of dramatic 
global warming at ~55 MA. This event is recognized by a negative carbon isotope excursion 
(CIE). In the Bighorn Basin, the lowest ~40 m of the Willwood Formation contains the CIE and 
represents the sedimentary response to PETM climate change. In the southeastern Bighorn Basin, 
the PETM interval can be divided into three lithologic units on the basis of alluvial architecture 
and presence of calcium carbonate nodules. This thesis focus’ on the interval which likely 
represents the response to peak PETM temperatures.  
 A detailed study of the facies and facies associations of the middle yellow-grey interval 
reveals that it is sedimentologically distinct from the other PETM intervals. Thick avulsion 
deposits and weakly developed paleosols dominate this interval. These features indicate that 
sediment accumulation rates were relatively rapid (and sediment yield was high) and that 
channel avulsion was frequent. The paleosols and facies architecture of the underlying and 
overlying lithologic units show slower rates of sediment accumulation. Grain-size analysis 
reveals that floodplain sediment was coarsest in the yellow-grey interval. 
 Paleoclimate proxies demonstrate the nature of climate changes which occurred during 
the yellow-grey interval. Carbon isotopes show that the yellow-grey interval corresponds to the 
main body of the CIE and warmest PETM temperatures. Paleofloral analysis and the presence of 
iii 
  
 
 
 
 
pedogenic nodules reveal that conditions became drier and precipitation more seasonal during 
deposition of the yellow-grey interval.  
The yellow-grey interval represents the sedimentary response to PETM climate change 
including changes to temperature and precipitation. This thesis hypothesizes that changes to 
vegetation, storm frequency and storm intensity occurred during the PETM. Changes to storm 
patterns likely raised sediment yield and the frequency of avulsion by impacting stream 
discharge, drying soils, and increasing the erosional capacity of storms. Vegetation decreased 
and evolved, increasing sediment yield and the occurrence of avulsion by decreasing ground 
surface protection, and floodplain stability. In this study, the links between a high resolution 
climate record and sedimentary record suggest that the yellow-grey interval represents the 
sedimentary response to climate change.  
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CONTENTS 
1. Introduction 
The Paleocence- Eocene Thermal Maximum (PETM) was an episode of dramatic global 
warming that occurred in the early Paleogene, ~55 Ma. Increases in sea surface temperatures 
ranged from 5° C in the tropics to 9° C at high latitudes (Zachos et al., 2001). Land temperatures 
also increased in this interval; leaf margin analysis suggests that during the PETM temperatures 
in the Bighorn Basin (Fig. 1) rose ~ 4˚C (Wing et al., 2005). Mean annual precipitation (MAP) in 
the Bighorn Basin also changed through the PETM (Wing et al.,2009;2005). 
 A dramatic carbon isotope excursion (CIE) coincides with the temperature increase 
(Wing et al., 2005). The CIE is 6%-8% in terrestrial sediment and 2.5%-4% in marine sediment 
(Zachos et al., 2003; Schmitz and Pujalte, 2003; Bowen et al., 2001; 2006; Koch et al.,1995). 
This negative carbon spike suggests that a massive amount of 
12
C was added to oceans and 
atmospheres (Dickens et al., 1997). Dissociation of methane clatherates is the most likely source 
for isotopically light carbon but other mechanisms have been proposed (e.g., Zachos et al., 2001; 
Dickens et al., 1997).   
The CIE was geologically rapid; the whole event probably lasted ~ 210-220 thousand 
years (Murphy et al., 2010) and is commonly split into an onset, main body,  recovery interval 
(Murphy et al., 2010; Bowen et al., 2006; Magioncalda et al., 2004; Rohl et al., 2000). The three 
major subdivisions to the PETM interval are sedimentologically expressed in the marine and 
terrestrial record. The onset, main body, and recovery intervals are recorded in marine sediment 
as changes in sedimentation rate, iron and calcium concentrations (Rohl et al., 2000). The 
intervals are expressed in terrestrial deposits as change in grain size,  
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Figure 1. Map showing the Bighorn Basin and positions of Absaroka Range, 
Beartooth Mountains, Owl Creek Mountains, Bighorn Mountains, and Pryor 
Mountains. The study areas are located at North Highway 16 (NHWY 16),  
Highway 16 (HWY 16), and Cabin Fork. (Modified from Bown and Kraus, 
1987) 
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abundance of carbonate nodules, and paleosol morphology, (Schmitz and Pujalte, 2007; 2003).  
Carbon isotope data from both carbonate nodules and bulk organic carbon document the 
presence of the CIE including the onset, main body, and recovery intervals in the Bighorn Basin 
(Wing et al 2005; Magioncalda et al., 2004; Bowen et al., 2001; Koch et al., 1995).  In the 
southeastern Bighorn Basin, the onset of the PETM coincides with the base of the Willwood 
Formation (Wing et al., 2005). The Willwood Formation is a fluvial stratigraphic unit that is 
characterized by brightly colored mudrocks that represent paleosols (e.g., Kraus, 1996; Kraus 
and Aslan, 1993).  The Willwood Formation is distinguished from the underlying Fort Union 
Formation by the presence of persistent red beds; the alluvial Fort Union Formation has yellow, 
brown, and black mudrocks rather than red mudrocks (Neasham and Vondra, 1972). 
This thesis investigates the sedimentary response to global warming associated with the PETM. 
In the Southern Bighorn Basin, PETM strata have been divided into three lithologic intervals 
(Wing et al., 2009) that correspond to different stages of warming during the PETM. Lithologic 
intervals are called the lower red, yellow-grey and big red intervals (Fig. 3) and are distinguished 
by changes in facies architecture. The yellow-grey interval contains facies architecture distinctly 
different to other lithologic intervals and was likely deposited during peak PETM temperatures 
(Wing et al., 2009). This study investigates how the yellow-grey interval is related to peak 
temperatures during the PETM.   
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Figure 2. Extent of Willwood Formation outcrop in the Bighorn Basin highlighted in 
grey. Locations used in this study and other studies are also highlighted. 
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Figure 3. Stratigraphic sections of the PETM interval at three localities in the southern Bighorn Basin (Kraus, unpublished data). 
PETM strata are subdivided into: the lower red, yellow-grey, and big red lithologic intervals. Sections are hung on the base of the 
big red interval (top dashed line). Lower line of correlation (dashed line) shows contact between the overlying yellow-grey interval 
and underlying lower red interval. Locations of sections shown in Fig. 2. Horizontal scale indicates distance between each section. 
The lowest point in this fig. is lower than that of others which illustrate the three intervals, thus meter levels are distinct.    
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The major goals of this thesis are to demonstrate that the yellow-grey interval is distinctly 
different to the other two PETM intervals and interpret the connection between the facies and 
facies architecture in the yellow-grey interval and climate change. The distinct nature of this 
interval is characterized by high resolution descriptions of facies and facies architecture. 
Descriptions are then compared to facies and architecture of the overlying and underlying 
intervals to emphasize the degree of difference. Quantitative grain size measurements illustrate 
grain size of yellow-grey interval sediment compared to other PETM units. Detrital grain 
composition illustrates that yellow-grey interval detrital grains are compositionally similar to 
those of later Eocene age, suggesting that other sedimentological differences may not be 
attributed to a change in sediment composition. The sedimentary properties of the three PETM 
intervals are compared to a high resolution climate record to interpret the impact of climate 
change on the sedimentary record in the lowest part of the Willwood Formation. 
This study is significant because it provides a clear example of the sedimentary response 
to climate change. The impacts of climate on the sedimentary record may be difficult to 
differentiate from the impacts of tectonic change on the sedimentary record (Leier et al., 2005; 
Blum and Tornqvist, 2000; Shanley and McCabe, 2004). Here, the temporal scale (~200,00 
years) of the sedimentary interval and the close link to a well-documented episode of climate 
change indicate that climate, rather than tectonic activity, was the control on sedimentation.  
1.1  Geological background 
The Laramide mountain ranges that surround the Bighorn Basin (Fig.1) were the source 
for Paleogene sedimentary rock, including the Willwood Formation. Presently the Bighorn Basin 
is an intermontane basin with an asymmetric basin axis. The Bighorn Basin is surrounded by the 
Bighorn Mountains to the east, Owl Creek Mountains to the south, Absaroka Mountains to the 
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west, and Beartooth and Pryor Mountains to the north (Fig 1). With the exception of the 
Absaroka Range, the mountains surrounding the basin are Laramide structural features that were 
active from latest Cretaceous through Paleocene time and were uplifted by the early Eocene 
(e.g., Whipkey et al.,1990; Parker and Jones, 1986;Blackstone, 1986). 
The nature of Willwood strata, particularly paleosols in the formation, has been 
comprehensively documented (Smith et al., 2008; Kraus, 2001;Kraus, 1996; Kraus and Aslan, 
1993; Kraus, 1987;Bown and Kraus 1981;). In general, Willwood strata include mudrock 
deposits on which paleosols developed. Those are interpreted as overbank deposits. Paleosols are 
interbedded with a heterolithic facies consisting of fine-grained deposits showing little 
pedogenesis and thin sheet and ribbon sandstones. The heterolithic deposits are attributed to 
crevasse splay/avulsion events. Sandstones are interpreted as fluvial channel deposits (Kraus, 
2001; Kraus, 1996; Kraus and Aslan, 1993; Kraus and Middleton, 1987;). 
2. Methods  
Detailed stratigraphic sections were measured at three field locations: North Highway 16, 
Highway 16, and Cabin Fork (Figs.1 and 2). Field locations were selected by the quality of 
exposures and proximity to other field localities. All of these locations contain lowest Willwood 
strata, are close to roads, and are conducive to digging soil trenches. Highway 16 and Cabin Fork 
sections are the subject of previous PETM studies, which provide contextual data useful to this 
study. North Highway 16 section was selected as a locality because it documents a northern 
position of the yellow-gray interval (Fig. 2). Samples were collected throughout each locality.  
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Petrographic analysis was conducted using an automated stage, the Petrologlite software, 
and an Olympus BH-2 microscope were used to collect 100 points on thin sections stained for K-
feldspar and plagioclase. These counts were used to classify sandstones based on mineralogy.  
Field units were described using grain size, matrix color, and presence of sedimentary 
structures. Facies were determined in the lab based on field unit descriptions. Facies were 
designated using grain size, matrix color, and mottle color. Field grain-size estimates were 
calibrated in the lab using a Malvern Longbed Mastersizer to provide quantitative grain-size data 
for select samples. Field estimates of matrix and mottle colors were quantified using Munsell 
color charts in the lab (Table 1). The abundance and size of features found in sedimentary field 
units above were visually estimated in the field. The amount of mottles, burrows, and nodules 
were described using the terms sparse, common, or abundant.  
This thesis is part of a broader study that investigates PETM strata in the southern 
Bighorn basin. While this thesis focuses on the yellow-grey interval, contextual data collected by 
other workers from other intervals of sediment are also referenced. These data include isotope, 
grain size, and field descriptions. The carbon isotope curve used here was provided by Allie 
Baczynski and Francesca Smith MacInerney of Northwestern University. Grain-size data and 
field descriptions for the lower red and big red intervals were provided by Mary Kraus.  
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Table 1. Descriptive colors and their associated Munsell color. 
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3. Early Eocene strata in the Bighorn Basin 
3.1 Chemostratigraphy 
In the southeastern Bighorn Basin, carbonate nodules are too sparse to use for carbon 
isotope stratigraphy.  Instead, dispersed organic carbon shows the presence of the CIE both in the 
Highway 16 locality (Smith unpublished data; Fig. 4) and in the Cabin Fork location (Wing et 
al., 2005).  
The PETM carbon isotope curve observed in marine cores has been divided into four 
intervals - onset, main body, rapid recovery, and gradual recovery and these can be recognized at 
Highway 16 (Bowen et al., 2006; Wing unpublished data) (Fig. 4). The initial rapid decline in 
13C values represents the onset of the PETM (Bowen et al., 2006). Carbon isotope values reach 
their most negative extent during the main body interval. During the rapid and gradual recovery 
intervals, carbon isotope values return towards pre-PETM values (Bowen et al., 2006).  The most 
recent age model for the PETM (Murphy et al, 2010) suggests that the onset lasted ~21 ka, the 
length of the main body was ~113 ka, the rapid recovery was ~33 ka, and the gradual recovery 
was ~50 ka.  Thus, the ~50 m of the PETM interval in the southeastern Bighorn Basin represents 
no more than ~220 ka. 
In the Bighorn Basin, both isotopic analyses of fossil material (Fricke and Wing, 2004) 
and leaf margin analysis (Wing et al., 2005) of terrestrial megafloras indicate that temperatures 
rose ~5°C during the PETM. The isotopes suggest that mean annual temperature (MAT) reached  
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Figure 4. Composite measured section of the PETM interval at Highway 16 and associated 
δ13C curve for this section. A. C-clay, S-silt, V-very fine sand. The measured section shows 
paleosols and avulsion deposits. The section is subdivided into three intervals based on 
lithology.Meter levels relative to base of the Willwood Formation. B.The isotope curve is 
subdivided into four chemostratigraphic intervals (Murphy et al., 2010). Carbon isotope data 
from A. Bacynski and F. McInerney  
(unpublished data); carbon isotope units are in per mil Pee Dee belemnite. See text for details. 
  
12 
 
 
 
26°C, and the leaf analysis produces an estimate of MAT of ~20°C, (Wing et al., 2005).  Wing et 
al. (2005) suggested that the plants probably underestimate MAT because many of those studied 
are riparian and wetland plants. Mean annual temperature estimates have not been taken at a high 
resolution scale, and cannot be reported for each chemostratigraphic or lithologic interval.  
Temperature change estimates based on the carbon isotope curve are provided in sections 5 and 6 
of this thesis. 
3. 2 PETM lithologic intervals  
Early Willwood strata in the southern Bighorn Basin are composed of alluvial deposits 
including paleosols, avulsion deposits, and channel sandstones (Kraus and Gwinn, 1997; Kraus, 
1996; Kraus and Aslan, 1993; Bown and Kraus, 1987). PETM strata in the southern Bighorn 
Basin can be divided into the lower-red interval, the yellow-grey interval, and the big red interval 
(Fig.3 and 4) based on the characteristics and abundance of each kind of deposit (Wing et al., 
2009).  
At the Highway 16 locality, the lower-red interval is stratigraphically positioned from ~7-
15m, where the 7 m level represents the base of the Willwood Formation (Fig. 3). This interval 
consists of thin red paleosols interbedded with relatively thick grey beds attributed to channel 
avulsion (Wing et al., 2009). The middle, yellow-grey interval is characterized by thin (15-50 
cm) mudstone beds that are typically yellow-brown and grey in color (Fig. 3). Mudstones may be 
weakly pedogenically modified.  At Highway 16 this lithologic interval is ~19 m thick and is 
located from 15m-33m. The lower red and yellow-grey interval contain the main body PETM 
interval (Fig. 4). The big red interval consists of thick, red and purple paleosols (Fig. 3). This 
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interval is stratigraphically located from ~33-57m at Highway 16 and corresponds to the 
recovery phase of the PETM (Fig 4).  
4. Provenance of  the yellow-grey interval 
Point counts from sandstone thin sections provide petrographic information used to 
determine the source area for the yellow-grey interval. Nine thin sections were made from eight 
different units in the yellow-grey interval. Thin section sample units were selected by grain size; 
only sandstones composed of very fine sand grain size or larger were sampled. Seven samples 
are from the yellow-grey interval at North Highway 16, and two samples are from Cabin Fork. 
Thin sections were stained using barium chloride, calcium choride, and amaranth to highlight 
plagioclase and sodium hexanitrocobaltate to hiligh K-feldspar (Boone and Wheeler, 1968). 
Quartz grain roundness was noted. One hundred framework grains were counted for each 
sample. Matrix was counted separately from framework grains and normalized to give percent 
matrix. Table 2 summarizes point count results. 
Following Whipkey et al. (1990) a modified Folk (1980) classification was used to divide 
framework grains into quartz, feldspar, and lithic categories (Table 3). Chert, monocrystalline
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Table 2. Grain Counts for nine sandstones in the yellow-grey interval. 
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Table 3. Modal composition of nine sandstones. See text for explanations of quartz, feldspar, and lithic categories. 
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quartz, and polycrystalline quartz grains are included in the quartz category (Whipkey et al., 
1990). Feldspar grains and granitic rock fragments are included in the feldspar category 
(Whipkey et al., 1990). Glauconite, epidote, and other rock fragments are included in the lithic 
category (Table 2). Point counts may be biased by grain size because some samples include sand 
grains too small to count. 
Framework grain mineralogy and percent matrix are used to classify yellow-grey interval 
sandstones. Following Dott (1964), 10% matrix was used to separate wackes from arenites. 
Because the sandstones contain 13-37% matrix, all are classified as wackes (Table 2). Quartz is 
the dominant framework grain, and comprises 39-68% of all samples. Both angular and rounded 
quartz were observed in samples. Lithic grains comprise between 18% and 30% of the 
framework grains, and feldspar comprises 15-30% of framework grains (Fig. 5). Using Folk and 
Dott, these sandstones are classified as arkosic wackes and lithic arkosic wackes. 
 Detrital grain composition indicates that both sedimentary rocks and crystalline rocks are 
likely source rocks for the yellow-grey interval. Rounded quartz came from sedimentary rocks, 
probably sandstones, and angular quartz probably came from crystalline rocks such as granite. 
Granitic rock is also likely the source for feldspar and epidote (Best, 1982). Glauconite is usually 
associated with nearshore marine sandstones (Odin, 1988). In this case, glauconite was probably 
recycled from a marine sedimentary unit flanking the Bighorn Mountains. 
Petrologic data presented here, combined with the structural setting of the Bighorn Basin 
and Willwood Formation paleocurrent data, suggest that the southern Bighorn Mountains were 
the sediment source for the yellow-grey interval. The Bighorn, Beartooth, Pryor, and Owl Creek 
Mountains were uplifted during the early Eocene and thus, were potential source areas for early  
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Figure 5.  Sandstone data plotted on a modified Folk (1980) ternary diagram.   
Using Folk (1980) and Dott (1964), the sandstones are classified as arkosic wackes  
and lithic arkosic wackes. 
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Eocene Bighorn Basin sediments (see section 1.1; Fig.1). Paleocurrent measurements from 
PETM sandstones in the study area show that stream flow was generally NW during this time 
(Table 4), suggesting that streams originated SE of the study area. Neasham and Vondra (1972) 
also documented paleoflow from southeast to northwest in Willwood deposits in the southeastern 
part of the Bighorn Basin. At a broader scale, Seeland (1998) used paleocurrent measurements to 
show that streamflow was to the north/northeast from Cretaceous through Eocene time in the 
southern Bighorn Basin. The different paleocurrent studies all point to the Southern Bighorn 
Mountains (Fig.1) as the likely sediment source for early Eocene Bighorn Basin sediment.  
The southern Bighorn Mountains consist of a crystalline core and flanking sedimentary 
rocks, both of which likely served as sediment sources for the yellow-grey interval. The core 
consists, in part, of granitic gneiss, which is a probable source rock for quartz, feldspar, granitic 
rock fragments, and epidote grains (Crowley et al., 2002; Whipkey et al., 1998; Best, 1982; Love 
and Christiansen, 1985). Flanking sedimentary strata are Mesozoic and Paleozoic in age. The 
Jurassic Sundance Formation is a probable source for glauconite grains (Uhlir et al., 1988).  
The southern Bighorn Mountains were also the source of sediment for Paleocene/Eocene 
sandstones in the southern Powder River Basin (Whipkey et al., 1990). Paleocene sandstones in 
this basin contain almost no feldspar or granitic rock fragments, suggesting that the crystalline 
core of the southern Bighorn Mountains was not exposed at this time (Whipkey et al., 1990). 
However, sandstones of the overlying Wasatch Formation contain 20-40% feldspar and granitic 
rock fragments, suggesting unroofing of the crystalline core of the southern Bighorn Mountains 
by Eocene time (Whipkey et al., 1990). 
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Table 4.  Paleocurrent direction measurements from PETM sandstones in the 
Bighorn Basin. Measurements taken on large scale cross-bedding 
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Results from this study help refine the time at which the crystalline core of the southern 
Bighorn Mountains was exposed. Sandstones in the Wasatch Formation studied by Whipkey et 
al. (1990) lack good time resolution and are simply assigned to the Eocene. Sandstones in this 
study, which have feldspar content similar to those of the Wasatch strata analyzed by Whipkey et 
al. (1990) (Table 3), formed during PETM time. Thus, the crystalline core of the southern 
Bighorn Mountains must have been exposed by very earliest Eocene time. Whether the core was 
exposed before earliest Eocene time cannot be determined because uppermost Paleocene 
sandstones were not examined in this study.  However, Keighin, (1998), reported that most 
Cretaceous/Paleocene sandstones in the southern Bighorn Basin are composed of less than 5% 
feldspar grains, confirming the conclusion of Whipkey et al. (1990) that the crystalline core of 
the southern Bighorn Mountains was not exposed during the Paleocene. 
5. Facies architecture of the yellow-grey interval 
5.1 Facies 
This section describes the facies of the yellow-grey interval in the southern Bighorn 
Basin. Lithology was determined in the field, and quantitative grain size analyses were used to 
standardize field assessments of grain size, particularly for fine-grained rocks. Grain size of the 
yellow-grey interval is discussed more extensively in section 6 of this thesis. A laterally 
extensive red bed from the overlying big red interval is the datum for all sedimentary sections. 
Field descriptions of yellow-grey interval sedimentary rock from Highway 16, North highway 
16, and Cabin Fork are presented in appendix C of this thesis.  
Three mudstone facies, classified by clay content between 33% and 66% (e.g., Prothero and 
Schwab, 2004) are present, and one sandstone facies, classified by sand content greater than 50 
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% (Folk, 1980), is present in the yellow-grey interval (Fig. 6 and 7; Table 5). The properties of 
facies in the yellow-grey interval are unique to those of facies in other intervals. Facies are 
grouped into two facies associations, an avulsion belt complex and weakly developed paleosols 
(Kraus 1996). The relationships between facies in an association are used to interpret the 
mechanisms for deposition of each bed.  
5.1.1 Sandstone facies 
A sandstone facies is present in all locations (Fig 6 and 7). Sandstones are arkosic wackes 
and lithic arkosic wackes (see section 4). Sandstones are greyish orange (Table 5) and are 0.5-2 
m thick. Sandstone exposures in the yellow-grey interval are low quality, but exposed sand 
bodies are 7-21 m wide and appear to have a limited lateral extent (Fig. 8a). Some sandstones 
show post-depositional features including burrows and pedogenic features (Fig. 9).  Burrows 
commonly have a horizontal orientation and are filled with sand or mud. Although not common, 
pedogenic features including red and yellow-brown mottles and carbonate nodules can be found 
in sandstones (Figs. 10 and 11). 
Sandstone beds can be isolated between mudstones (Fig. 10) or they can be vertically 
stacked with 2 to 6 beds to form a sandstone complex (Fig. 11). Solitary sandstone beds lack 
sedimentary structures, whereas sandstone complexes may contain planar and low angle cross 
beds (Fig 9a) but may also be massive. Solitary sandstones have planar lower and upper contacts 
and stacked sandstones can have either planar or erosional lower and upper contacts (Fig 10 and 
11).  Sandstone exposure is poor quality in the yellow-grey interval, thus sandstone geometry 
cannot be interpreted with confidence.  
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Figure 6. Stratigraphic sections of the three study sites showing vertical succession 
of facies in the yellow-grey interval. Grey and mottled grey mudstone facies are the 
most abundant facies at all thre localities. Meter levels are relative to the base of the 
yellow-grey interval/top of the lower red interval. Solid line illustrates the datum at 
the base of the BR interval. Dashed line shows the base of the yellow-grey interval. 
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Figure 7.   Detailed measured stratigraphic sections for the yellow-grey interval at 
the three study locations. C-clay, S-silt, V-very fine sand, F-fine sand. Datum for 
the sections (solid line) is base of the big red interval.  Dashed line shows base of 
yellow-grey interval.  Many beds show paleosol features.  Blue squares indicate 
presence of calcium carbonate as pedogenic nodules or cementing burrows. 
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Table 5. Facies table containing the key properties of 4 facies recognized. See Table 1 for 
Munsell color attributes. 
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5.1.1a Sandstone facies interpretation  
The erosional bases of some sandstone complexes, their apparent limited lateral extent, 
and the presence of multiple sandstone beds indicate that some of the complexes are probably the 
deposits of small channels (Fig. 11A) (e.g., Friend et al., 1979).  A sandstone complex from 
North Highway 16 (Fig. 11A; Fig 8A) is a useful example of a sandstone likely deposited by a 
channel. This sandstone complex is comprised of multiple stacked sandstones, some with 
erosional lower contacts (Fig.7 and 11), and has a limited lateral extent (Fig. 8A). The coarser 
grain sizes (medium sand) of these sandstones plus the presence of parallel bedding and low 
angle cross bedding indicate relatively energetic flows. Sandstone complexes with planar basal 
contacts are present in the yellow-grey interval (Fig. 11B). These sandstones are coarser grained 
(medium sand), contain parallel planar and low angle cross beds, and thus, may have been 
deposited by more energetic fluvial channel flows. However, the planar basal contact and poor 
exposure quality makes interpretation of these unclear. The presence of pedogenic features 
within some sandstone complexes (Fig. 11A) indicates a complex channel history (e.g., Kraus, 
1996; Friend et al., 1979). The lower sandstones were deposited first and then the channel was 
abandoned and sediment underwent soil modification. Later, the channel was reactivated. Thus, 
at least some sandstone complexes were relatively long lived.  
Although the geometry of the solitary sandstones is not definite, their solitary nature 
suggests that these are sandstone sheets (e.g., Kraus, 1996; Friend et al., 1979). Solitary 
sandstones are also thin (.1-.75 m thick) and lack internal bedding planes, suggesting that they 
were deposited in a single event (e.g Kraus, 1996). Based on their thin nature, presumed rapid 
deposition, and lack of sedimentary structures, the solitary sandstones were most likely deposited 
from unconfined flows on the floodplain, like crevasse events.
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Figure 8. Field photos showing features of the four facies.  A Two meter high and half meter wide trench dissects a complex 
sandstone at North Highway 16 location. Margin of sandstone body cannot be determined, blue shape outlines hypothetical 
~10 m wide body. (Refer to Figure 11 A) B. Grey mudstone facies.  C. Grey mottled mudstone facies.  Mottles are pale 
yellow-brown. D. Yellow-brown mudstone facies.  Mottles are grey. Pencil used as scale in C and D is a standard mechanical 
pencil 
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Figure 9. Field photos showing features of the four facies.  A. Parallel bedding in the upper half and low angle cross bedding in 
lower half. From sandstone facies B. Elongate grey mottles in a red mudstone.  Shape and color of mottles indicate they are 
rhizoliths.  C. Sand-filled, horizontal burrows in grey mudstone (Inset: top of a vertical burrow).  D. Shiny slickensides in red 
mudstone.  E. Carbonate nodules (arrow)  in yellow-brown mudstone.  F. Relict bedding in a grey mudstone 
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Figure 10. Detailed measured section of a solitary sandstone underlain by grey mudstone 
and overlain by yellow-brown mudstone. C-clay, S-silt, V-very fine sand. See Figure 7 
for a key to symbols. From ~16-17 meter level, North Highway 16.  Other examples of 
this facies association are apparent in the yellow-gray interval (Fig. 7). 
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Figure 11. Two sandstone complexes, both underlain and overlain by mudstones. See Figure 7 for a key to symbols. A 
sandcompscours into underlying mudstone and consists of multiple sandst 
sandstone is from meter level ~7-9 at North Highway
Figure 11. Two sandstone complexes, both underlain and overlain by mudstones. C-clay, S-silt, V-very fine sand, F- fine 
sand. See Figure 7 for a key to symbols. A  sandstone complex scours into underlying mudstone and consists of multiple 
sandstone beds, some of which show pedogenic features. This sandstone is fr m meter level ~7-9 at North Highway 16. 
Refer to key on Fig. 7. Fig. 9A shows a field view of this sandstone complex.  B sandstone is from meter level ~8-9.25 at 
Cabin Fork. Other examples of both types of sandstone are apparent in Fig. 7. 
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The presence of pedogenic features shows that some solitary sandstones were 
incorporated into paleosols that eventually formed in overlying, finer-grained deposits (Fig. 10).  
5.1.2 Mudstone facies 
Mudstones are the most common facies (Figs. 8b-d) in the yellow-grey interval at all 
locations (Fig.6). The mudstones show various pedogenic features (Fig. 7 and Figs. 9b-f) that 
provide information about soil conditions in the yellow-grey interval floodplain. Pedogenic 
features include mottles, rhizoliths and carbonaceous roots, burrows, slickensides and mineral 
accumulations. 
Mottles are features that are composed of the same parent material as the soil matrix but 
are a different color. Most mottles (Fig. 9b) observed in this study are grey, elongate features that 
may contain carbonaceous material. Such mottles are interpreted as rhizoliths (Kraus and 
Hasiotis, 2006). Roots may be fossilized as cm-mm scale thin, branching, black carbonaceous 
body fossils (Kraus and Hasiotis, 2006). Burrows can be vertical or horizontal tubes that are 
filled with clay, silt, or sand-sized sediment (Fig. 9c). Slickensides (Fig 9d)  are soil shrink/swell 
features recognized as a shiny surface due to clay alignment on a surface (Kraus, 1993).  
 Pedogenic mineral accumulations include carbonate and yellow-brown nodules.  
Yellow-brown nodules are rich in iron (Kraus and Riggins, 2007), millimeter and centimeter 
scale, and spherical to sub-spherical in shape. Carbonate nodules are mm and cm scale 
accumulations of calcite that can be easily separated from the surrounding matrix (Fig 9e). 
Nodules in the yellow-grey interval are mainly composed of micrite or sparry calcite and do not 
contain skeletal grains. These are similar to the C6 type nodules of Pipujol and Buurman (1997).  
5.1.2a Grey mudstone facies 
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The grey mudstone facies is common throughout the yellow-grey interval (Fig.6 and 7).  
Quantitative grain size measurements show that grey mudstones contain 33-56% clay. Beds are 
30-60 cm thick (Fig. 6). Deposits have a greenish grey or grey matrix color (Table 5) and may 
contain sparse reddish brown, grey, or greyish orange mottles (Fig. 8b). Slickensides are sparse 
and relict planar laminations (Fig. 9f) are common locally. Bioturbation is common as vertical 
and horizontal tubes. Carbonate nodules are sparse to common in this facies. 
5.1.2b Mottled grey mudstone facies 
Mottled grey mudstone is the most abundant facies in the yellow-grey interval (Figs. 6 
and 7). Quantitative grain size analysis indicates that this facies contains 37-61% clay. Beds that 
are comprised of this facies are thin (10-20 cm; Fig. 6) and laterally discontinuous. Matrix color 
is either grey, greenish grey, or greyish orange (Table 5). Reddish brown, grey, or greyish orange 
mottles are common but rarely abundant in this facies (Fig. 8c). Slickensides are common in 
most units comprised of mottled grey mudstone. Relict bedding is sparse. Centimeter scale 
carbonate nodules are abundant in many mottled grey mudstone beds. Burrows are abundant in 
some units comprised of this facies. Burrows occur as vertical or horizontal tubes that are filled 
with sand or mud; some are cemented by calcite 
 5.1.2c Yellow-brown mudstone 
Yellow-brown mudstone facies is common throughout the yellow-grey interval (Figs. 6 
and 7). Quantitative grain size analysis from the Highway 16 location shows that this facies 
contains 48-55% clay. Beds composed of this facies are 30-70 cm thick (Fig. 6) and are laterally 
discontinuous. Matrix color may be moderate yellowish brown, dark yellowish orange, pale 
yellow-grey, or greyish orange (Table 1). Reddish brown and grey mottles are common in this 
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facies (Fig. 8d). Slickensides, cm-scale carbonate nodules, and burrows are common. Burrows 
are preserved as vertical tubes.  
5.1.3 Mudstone facies interpretation 
Mudstones in the yellow-grey interval show modification by soil-forming processes to 
varying extents and the degree of soil development provides information about sedimentation 
rates (e.g., Kraus, 1996; Kraus and Aslan, 1993; Kraus and Gwinn, 1997). Grey mudstones 
represent the lowest amount of pedogenic modification, mottled grey mudstones represent an 
intermediate amount of pedogenic modification, and yellow-brown mudstones represent the 
highest amount of pedogenic modification 
 The grey mudstone facies shows evidence for only very weak pedogensis. Preservation 
of relict bedding suggests that the mudstone has not been homogenized by soil forming processes 
(Kraus, 1993). Although grey matrix color can indicate that the soil has been saturated 
(Vepraskas, 1994), grey matrix can also be the color of original parent material (Kraus, 1996; 
Vepraskas, 1994) and can be attributed to relatively rapid burial (Harden, 1983). The presence of 
relict bedding and absence of other pedogenic features suggest that grey matrix color is the color 
of parent material. 
Features of the mottled grey mudstone facies indicate stronger pedogenesis as compared 
to the grey mudstone facies but still represent relatively weak soil development. Relict bedding is 
sparsely present in this facies. The presence of pedogenic features including some mottles and 
carbonate nodules indicate that beds comprised of this facies experienced longer pedogensis than 
did the grey mudstone facies. Mottles are common but not abundant, suggesting that beds were 
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not sub-aerially exposed for long enough to establish a well developed root network (Kraus, 
1996; Kraus and Aslan, 1993). 
The yellow-brown mudstone facies shows evidence for the highest degree of pedogenic 
modification of all mudstone facies. Yellow-brown matrix color suggests that sediment has 
undergone some rubification, which indicates sub-aerial exposure for a longer period than grey 
and mottled grey mudstone facies (e.g. Harden, 1983). Mottles are common in the facies, 
suggesting that roots were established. While yellow-brown soils are well developed relative to 
other paleosols in the yellow-grey interval, they are only moderately developed on the spectrum 
of paleosol development (e.g. Harden, 1983).  
Degree of pedogenic modification can be used to interpret the relative rate of sediment 
accumulation for the yellow-grey interval. The degree of paleosol development is controlled, in 
part, by the amount of time that the mudstone was sub-aerially exposed on the floodplain before 
burial (Bown and Kraus, 1987). Mudstones that are moderately to strongly developed indicate 
low sedimentation rates (Bown and Kraus, 1987). Paleosols in the yellow-grey interval suggest 
that sedimentation was mostly rapid, though some moderately developed paleosol horizons 
suggest periods of slower sediment accumulation.  
5.2 Facies architecture   
 Facies in the yellow-grey interval can be grouped into two facies associations.  One 
facies association is composed of a yellow-brown mudstone showing moderate pedogenesis that 
alternates with grey or mottled grey mudstone characterized by weak pedogenesis (Fig. 12).  A 
second facies association is composed of grey or mottled grey mudstones and sandstones (Fig. 
13). 
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Figure 12 shows a series of couplets each of which consists of a yellow-brown mudstones with a 
grey or mottled grey mudstone.  Each couplet is interpreted as a paleosol (Kraus and Aslan, 
1993). Based on very weak soil development, the lower mudstone in each couplet (mudstone 1, 
mudstone 3, and mudstone 5 in Fig. 12) probably represents a C horizon (Kraus and Aslan, 
1993). C horizons were probably deposited rapidly and then sub aerially exposed for a very short 
period of time before burial by an overlying deposit (Kraus, 1996). Based on stronger soil 
development, the upper mudstone in each couplet (mudstone 2, mudstone 4, and mudstone 6 in 
Fig. 12) is considered to be a weakly developed B, or Bw, horizon (Kraus and Aslan, 1993). 
Although the B horizons do not show significant soil development, they were deposited slowly 
enough that a B horizon was differentiated and pedogenically modifed (Kraus, 1996). Thus, each 
couplet is a weakly developed paleosol with a C horizon indicating more rapid deposition and a 
moderately developed B horizon indicating slower sediment accumulation. Weakly developed 
paleosols (Fig. 12) occur throughout the yellow-grey interval (Fig. 7). 
The second facies association consists of mudstones and sandstones (Fig. 10, 11, and 13). 
In Figure 13, a solitary sandstone is underlain and overlain by grey mudstone with minimal 
pedogenic features. The relatively thin, featureless nature of the single sandstone suggests that it 
was probably deposited by a crevasse or short lived avulsion event (Kraus, 1996). The mudstone 
that underlies the sandstone is weakly developed (Fig. 13), suggesting that deposition of the 
sandstone interrupted soil development before extensive modification could occur. The weakly 
developed paleosol that overlies the sandstone complex is a weakly developed paleosol that 
consists of a C horizon and overlying Bw horizon. Figure 11 shows two sandstone complexes 
that are underlain and overlain by grey or mottled grey mudstones. 
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Figure 12. Stacked, weakly developed paleosols represented by couplets. C-clay, S-Silt, V-very 
fine sand. Each couplet consists of an underlying grey or mottled grey mudstone with an 
overlying yellow-brown mudstone. Stacked couplets are from meter level ~8-10.75 at the 
Highway 16 location. See Figure 7 for key to symbols. Each couplet represents a paleosol that  
consists of a lower C paleosol horizon and an upper B/Bw paleosol horizon. Note that size  
of pedogenic symbols does not accurately represent the size of features preserved in rock. 
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Although the mudstones show some pedogenic modification, it is very weak, indicating 
rapid sediment accumulation. The sandstone complex in Figure 11A probably represents a small 
channel deposit whereas that in Figure 11B is uncertain. The facies and facies architecture of the 
yellow-grey interval are similar to those described in modern and ancient avulsion-dominated 
alluvial successions (e.g Kraus, 1996; Smith, et al.,1989). In avulsion-dominated alluvial strata, 
floodplain deposits are generated by two processes: overbank deposition and avulsion deposition 
(Kraus and Gwinn, 1997; Kraus, 1996; Smith et al., 1989). Overbank deposition usually 
produces annual layers of sediment that are thin enough that they can be incorporated into a 
developing soil. Continued slow aggradation can produce a relatively thick cumulative soil (e.g., 
Kraus and Riggins, 2007). The paleosols that result from those processes are interbedded with 
sandstones and mudrocks generated by crevasse splay and avulsion deposition. Feeder channels 
are also characteristic of crevasse splay and avulsion deposits; these divert water and sediment 
from the main channel to the floodplain and create ribbon and thin sheet sandstones (Smith et al 
1989). 
In crevasse splay events, the banks of a channel break and a mixture of fine and coarse 
sediment is deposited onto the floodplain (e.g., Smith et al., 1989). Crevasse splay deposits are 
thicker than overbank deposits, thick enough to truncate the soil development of mudstones by 
burying them (Kraus and Aslan, 1993). Channel avulsion starts with crevassing of the channel; 
however, if the crevasse remains open and water and sediment continue to flow onto the 
floodplain an avulsion belt forms (Smith et al., 1989).  Critical features of avulsion deposits are 
that they are deposited relatively quickly by channel avulsion and are relatively thick.  For 
example, Smith et al. (1989) described 3 m of sediment deposited in about 100 years.  
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Figure 13. Facies association that consists of mudstones, siltstones, and sandstones at  
~11-14.5 at the Highway 16 location. C-clay, S-silt, V-very fine. Refer to the key on 
Fig. 7 for symbols. Here, a solitary sandstone is underlain and overlain by grey 
mudstones showing minimal soil development.  The upper grey mudstone was 
deposited as part of the avulsion complex  It also forms the C horizon of the overlying 
yellow-brown paleosol. See text for more details. Note that the size of pedogenic 
symbols does not reflect the size of features present in rock. 
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Deposition was so rapid that avulsion-belt deposits show little if any soil development 
(e.g., Kraus, 1996; Kraus and Aslan, 1993). Eventually a new channel develops on top of these 
avulsion deposits (Smith et al., 1989).  
It is likely that each yellow-brown paleosol was deposited by both overbank and crevasse 
splay or avulsion events (Kraus, 1996). For example, the grey mudstone of the lowest couplet 
(Fig. 12), which shows minimal pedogenesis indicating rapid deposition of overlying sediment, 
was probably generated by splay/avulsion processes. It is overlain by a yellow-brown mudstone 
interpreted as a Bw soil horizon (Fig. 12). The stronger pedogenic development of the Bw 
horizon suggests that the sediment in that unit accumulated more slowly probably by overbank 
events, although initial sediment deposition might have been by an avulsion event. The lowest 
paleosol was then buried by a crevasse/avulsion event that deposited the lower part of the middle 
couplet (Fig. 12).   
The sandstones, siltstones, and mudstones of the second facies association are interpreted 
as avulsion-belt deposits. The abundance of fine-grained deposits showing minimal soil 
development and the sandstones of varying sizes are characteristic of avulsion-belt deposits 
described in the modern and ancient fluvial records (e.g., Kraus and Aslan, 1993;Smith et al., 
1989). Some of the solitary sandstones may be crevasse-splay deposits.  Because of their 
thickness and multiple beds, the sandstone complexes are more likely to be part of avulsion-belt 
deposits.  Although exposures make it difficult to recognize ribbon sandstones that could be 
feeder channels, sandstones such as shown in Fig. 8a are probably examples. 
5.3 Sedimentation rates and alluvial architecture in the yellow-grey interval 
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Facies and facies architecture suggest that sedimentation rates were high during the 
yellow-grey interval. Weakly developed paleosols and avulsion belt deposits comprise most of 
the beds in the yellow-grey interval (Fig. 6, 7, 12, and 13). Weakly developed paleosols represent 
high sedimentation rates (Kraus and Bown, 1993). Avulsion belt deposits can have aggradation 
rates as high as 2 to 3 m in several hundred years (Smith et al., 1989). The predominance of 
weakly developed paleosol deposits and avulsion belt deposits suggest that feeder channels 
frequently broke their banks in crevasse and avulsion events during yellow-grey interval time (; 
Slingerland and Smith, 2004; Kraus, 1996;Smith et al., 1989). High sedimentation rates suggest 
that sediment yield was relatively high during this time. 
6. Changes to facies architecture, grain size, and climate throughout PETM 
strata 
Sedimentologic change in the yellow-grey interval can only be interpreted within the 
context of overlying and underlying units. This section compares alluvial architecture among the 
lower red, yellow-grey, and big red intervals; uses changes in architecture to interpret changes in 
sedimentation rates; evaluates changes in grain size through the entire PETM interval. 
Paleobotanical and pedogenic carbonate nodules are used to interpret precipitation and 
temperature change through the PETM.  The sedimentary record is then compared to the climate 
record to interpret the sedimentary response to climate change during the PETM. 
6.1 Alluvial architecture and sediment accumulation rates throughout the PETM 
All PETM lithologic intervals in the southern Bighorn Basin are composed of the same 
two facies associations: avulsion deposits and paleosols. However, facies architecture, including 
paleosol thickness, degree of development, and vertical spacing, is distinct in each lithologic 
interval. Relatively thin and weakly developed paleosols in the yellow-grey interval suggest that 
sedimentation rates were relatively high during yellow-grey interval time. Relatively thick 
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avulsion deposits occur throughout the yellow-grey interval, suggesting that avulsion occurred 
frequently during the yellow-grey interval. Differences in facies architecture suggest that 
sediment accumulation rates in each interval were distinct.  
Facies architecture suggests that sedimentation rates were slower in the lower red interval 
than in the yellow-grey interval. The lower red interval contains three red/purple paleosols (Wing 
et al., 2009) that are 0.5-1m thick (Fig. 3). Paleosols are separated by avulsion deposits that are 
2-3m thick. The red and purple beds are paleosol B-horizons; their thickness and matrix color 
indicate that they are more strongly developed than B-horizons of paleosols in the yellow-grey 
interval (Harden, 1983). The presence of relatively well developed paleosols in the lower red 
interval and their moderate vertical spacing suggest that sedimentation rates and the occurrence 
of avulsion during this time were lower than during the yellow-grey interval (Kraus, 2002). 
Thus, sediment supply was lower during deposition of the lower red interval. 
Facies architecture of the big red interval suggests that sedimentation rates were much 
lower during this time than during the yellow-grey interval. The big red interval is composed of 
relatively thick and closely spaced red and purple paleosols (Fig. 3). The red and purple beds, 
which represent paleosol B horizons, are up to 2 m thick and extend laterally for many 
kilometers (Wing et al., 2009). The B horizons are much better developed than B horizons of the 
soils in the yellow-grey interval (Harden, 1983). Paleosols are separated by thin avulsion 
deposits and are, thus, more closely spaced vertically. The reduced accumulation rates compared 
to the yellow-grey interval indicate that sediment supply decreased during deposition of the big 
red interval.  In addition, because the avulsion deposits are relatively thin and widely spaced 
vertically by the thick paleosols, avulsion was a less frequent and less significant process in 
generating the big red interval compared to the yellow-grey interval (Kraus, 2002). 
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In summary, changes in paleosol thickness, development of paleosol B horizons, and 
vertical spacing between successive paleosols indicate that sedimentation rates and sediment 
yield were relatively moderate during the lower red interval, higher during the yellow-grey 
interval, and lowest during the big red interval. The different architectures also show that 
avulsion was more frequent during deposition of the yellow-grey interval and probably played a 
larger role in depositing this interval than the other two intervals. 
6.2. Grain size change during the PETM  
Fifteen samples for quantitative grain-size analysis were taken at a 0.75 m sample 
interval through the yellow-grey interval at Highway 16 (Table 6). Grain-size results from the 
yellow-grey interval were combined with analyses of 79 (Kraus, unpublished data) samples from 
the lower red interval and big red interval at Highway 16 (Appendix A and B). Percents of sand, 
silt, and clay for each sample were plotted stratigraphically (Fig. 14). 
In grain-size data from paleosols and avulsion deposits, the PETM interval can be divided 
into three parts (Fig. 14). The lowest part of the section (0 to ~11m level) is dominated by clay 
and is called the lower grain-size interval herein. An interval of relatively coarse sediment, 
characterized by >50% sand and silt, occurs from ~11m to ~35 m at Highway 16 and is called 
the middle interval herein. The base of this interval coincides with the base of the yellow-grey 
interval but the top of this interval extends into the big red interval (Fig. 14). Grain sizes are 
again dominated by clay from the 35m level to the top of the section. This interval coincides with 
most of the big red interval and  is called the upper grain-size interval herein. If only paleosol 
facies are plotted, similar grain-size subdivisions are observed, including the presence of the 
middle grain size interval composed of >50% sand and silt (Fig. 15). The presence of a coarser 
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Table 6. Grain-size analysis from the yellow-grey interval at Highway 16. 
Grain-size data from all intervals are in Appendix A and B.  
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Figure 14. Grain-size data from both paleosols and avulsion-belt deposits plotted against 
stratigraphic level for the Highway 16 section. C- clay, S-silt, V-very fine sand.  The area 
between the blue and red lines shows the percent silt and the area to the right of the red 
line shows percent clay.  The black line highlights fifty percent.  Subdivisions of the 
stratigraphic section based on grain size are labeled. 
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Figure 15.  Grain-size data from only paleosols plotted against stratigraphic level 
for the Highway 16 section. C-clay, S-silt, V-very fine sand.  The area between 
the blue and red lines shows the percent silt and the area to the right of the red 
line shows percent clay.  The black line highlights fifty percent.  Subdivisions of 
the stratigraphic section based on grain size are labeled. 
  
46 
 
 
 
interval, regardless of whether all grain size data are plotted for all facies or just for paleosols, 
suggests that the coarser interval is the result of an increase in sediment size throughout the 
drainage basin rather than a change in facies abundance. 
Statistical analysis was performed on percent silt through the PETM interval to test the 
visually apparent difference between grain size intervals. Percent silt was selected because it can 
be used to define grain-size intervals (Fig. 15). Histograms of percent silt (Fig. 16) in all three 
(lower, middle, and upper) grain size intervals illustrate that grain size intervals are not normally 
distributed. The Kruskal Wallis test was used to determine whether or not there is a statistical 
difference between grain size intervals. This test is appropriate for non-parametric populations 
(Davis, 1986). The null hypothesis is that a difference exists between intervals. This test was 
performed on all three grain-size intervals, the lower versus middle grain -size intervals, the 
lower versus upper grain-size intervals, and the middle versus upper grain-size intervals.  
The Kruskal Wallis test provides a measure of the confidence in the difference between 
grain-size intervals (Davis, 1986). Comparison of all three grain-size intervals reveals a p-value 
of .0055 for a chi-squared value of 10.41 (Table 7), which suggests with 99.45% confidence that 
there is a difference between all three grain size intervals. For the lower versus middle grain-size 
intervals a p-value of 0.0014 for a chi-squared value of 10.16 (Table 7) illustrates with 99.86% 
confidence that the lower and middle grain-size intervals are different. Comparison of the lower 
and upper grain-size intervals reveals a p-value of 0.1083 for a chi-squared value of 2.58 (Table 
7), which indicates only 89.27% confidence that there is a difference between these intervals. 
This is a relatively low confidence in the difference between these intervals which is to be 
expected given that visual analysis suggests that both of these intervals contain >50% silt (Fig 
15). Results of the test for the lower and middle grain size intervals are a p-value of .0681 for a 
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 Figure 16. Histograms of percent silt in each grain-size interval of the 
Highway 16 section. Histograms illustrate that grain size is not normal 
distributed in any of the three intervals.  
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Compared 
intervals  
P-value Chi
2 
All three 
intervals 
0.0055 10.41 
Lowest-
Midle 
0.0014 
 
10.16 
Lowest-
highsest 
0.1083 
 
2.58 
Middle- 
Highest 
0.0681 
 
3.33 
Table 7. P-values and chi-squared values from four iterations of 
the Kruskal Wallis test of grain size populations 
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chi-squared value of 3.33 (Table 7), which suggests with 93.29% confidence that these grain size 
intervals are different. Statistical tests confirm that the middle grain-size interval contains 
significantly more silt than the upper or lower grain-size interval 
6.3 Climate change during the PETM  
Paleoclimate proxies indicate that changes to temperature and precipitation patterns 
occurred during the PETM (Fig. 17). Temperature anomaly, calculated by Bowen (2004) from 
δ18O and Ca\Mg records relative to a pre-PETM baseline, is displayed for each lithologic interval 
(Fig. 17). Wing (2005) estimated mean annual precipitation for the lower red and big red 
intervals using leaf area analysis of fossil plants. Presence and size of carbonate nodules is also 
demonstrated (Fig. 17).   
Paleoclimate proxies suggest that during the lower red interval, climate was warming and 
drying. The lower red interval corresponds to the lower part of the main body of the PETM (Fig. 
4) and temperature anomaly estimates suggest that the temperature was rising during this time 
(Fig. 17D). Carbonate nodules, which indicate dry conditions, first appear in the lower red 
interval (Wing et al., 2009). Plant fossils from the lower red interval include legumes (Fig. 17B), 
confirming that the lower red interval experienced relatively warm and dry conditions (Wing et 
al., 2005). Leaf area analysis of plant fossils in the lower red interval pro duces a mean annual 
precipitation (MAP) of 80 +114/-56 cm (Wing, 2005).  
Paleoclimate proxies suggest that, the yellow-grey interval represents a relatively warm 
and dry time during the PETM. The yellow-grey interval corresponds to the upper part of the 
main body of the PETM (Fig. 4). Global temperature anomaly was highest during the second 
half of the main body of the PETM (Fig. 17D), suggesting that global temperatures were highest 
during the yellow-grey interval. Paleofloras (Fig. 17B) confirm unusually warm temperatures  
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Figure 17. A. Highway 16 stratigraphy with lithologic intervals (C-clay, S-silt, V-very fine sand). See Figure 4 for key to 
stratigraphic colors. B. Mean annual precipitation (MAP) estimates and stratigraphic level of paleofloral assemblages (Wing et al., 
2005; 2009). C. Carbon isotope curve and carbon isotope intervals (from Figure 4). D. Temperature anomaly during the PETM 
(Bowen et al, 2004) E. North American Land Mammal Age (Wing et al. 2009) F. Presence and size of carbonate nodules (from 
Figure 7 and Wing et al. 2009) G. Percent silt through the PETM interval. Contacts mark the top and base of an interval in which 
silt > 50%. Refer to Figure 15 for more information.  
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during the main body of the PETM (Wing et al., 2009; 2005). The dominant plant fossil 
collected from floras found in the main body of the PETM is in the legume family (Wing et al., 
2009). The legumes resemble modern from dry tropical areas and have been attributed to 
decreased precipitation and increased seasonality of precipitation (Wing et al., 2009). Centimeter 
scale carbonate nodules are abundant throughout the yellow-grey interval (Fig. 7; Fig. 17); these 
are created in well drained soils in semi-arid regions (Pipujol and Buurman,1997). Nodules 
suggest that the yellow-grey interval was relatively dry and that rainfall occurred seasonally 
during this time (Pipujol and Buurman, 1997). During deposition of the yellow-grey interval, 
rainfall events may have been relatively intense. Seasonal rainfall events are more intense than in 
climates without seasonally spaced precipitation (Huang and Nyman, 2006; Tooth, 2000) and in 
addition, storm intensity is likely to increase in warming climates (Goudie, 2006). While the 
presence of legumes suggests that drying occurred during both lower red and yellow-grey 
intervals, the size and abundance of carbonate nodules in the yellow-grey interval suggest that it 
was drier than the lower red interval. 
Paleoclimate proxies from the big red interval suggest that temperature cooled and 
precipitation increased during this time. Temperature anomaly data indicate that temperatures 
declined from their peak throughout the big red interval (Fig. 17). Plant fossils in the big red 
interval include many Eocene taxa (Fig. 17) and record a transition away from the unique PETM 
plant community. Wing (2005) used leaf area analysis of a flora from the lower part of the big 
red interval to estimate that MAP was 144 +206/-100 cm during this time, illustrating that it was 
wetter than yellow-grey interval time.  
Paleoclimate proxies demonstrate that climate changed through the lithologic intervals. 
The lower red interval was moderately dry and warming. The yellow-grey interval was driest and 
  
52 
 
 
warmest; precipitation was highly seasonal. There was a return to a moister and cooler climate, 
similar to the climate during pre-PETM time, during the big red interval. This climate record 
may be integrated with the sedimentary record to show how the fluvial system responded to 
climate change. 
7. Sedimentary response to climate change 
 Sediment yield, sediment size, and the nature of deposition for the yellow-grey interval 
are distinct from those of the lower red and big red intervals. These differences are attributed to 
climate changes (Fig. 17). Greater sediment supply, coarser grain sizes, and increased avulsion 
frequency correspond to the time of warmest temperatures and drier conditions in which 
precipitation was more strongly seasonal.    
Overall dryness and increased seasonality of precipitation in the Bighorn Basin at the 
time the yellow-grey interval was deposited are likely partly responsible for high sediment yield 
from the Bighorn Mountain source area. Sediment supply depends on sufficient runoff to erode 
and transport sediment and too little plant cover to prevent erosion. The change to dryer and 
more seasonally dry conditions might have caused decreased plant cover in the sediment source 
area and in the depositional basin.  In addition the basinal paleofloras show that plant 
communities changed making it probable that source area floras changed as well.   
Various studies suggest that sediment supply is controlled not only by total precipitation, 
but also by how strongly seasonal the precipitation is (e.g., Tucker and Slingerland, 1997; 
Hooke, 2000). The abundance of carbonate nodules and presence of paleofloras suggests that 
precipitation was highly seasonal during the yellow-grey interval. Goudie (2006) found that 
storm intensity increases as global temperatures rise and thus, storms may have been relatively 
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intense during the yellow-grey interval. High storm intensity in the basin and source area during 
the yellow-grey interval may have increased rhegolith detachment in the Bighorn Mountains, 
increasing sediment yield during this time (Huang and Nyman, 2006). Dry soils may have been 
partly responsible for high sediment yield because they have low infiltration capacity and thus 
produce higher runoff (Collins and Bras, 2008; Hooke, 200; Tooth, 2000).  
Changes in the basinal and source area plant communities may have also caused 
increased sediment yield. Wing et al. (2009), suggest that the yellow-grey floral assemblage was 
dominated by legumes. Legumes, which are typically herbaceous plants with small leaflets 
(Herendeen and Dilcher, 1990), are relatively ineffective at protecting the ground surface from 
precipitation events (Mendez-Barroso, 2009) and may have contributed to increased runoff and 
sediment yield. Plants trap soil locally by intercepting rainfall, protecting the soil surface from 
the impact of raindrops, and intercepting runoff (Bochet 2006). Decreased abundance of 
vegetation likely exposed more soil to erosion, causing sediment yield to increase (Mayor et al., 
2009; Bautista et al. 2007;Bochet, 2006) and trapped less runoff on the floodplain, moving more 
sediment throughout the Bighorn Basin. 
Increased frequency of avulsion during the yellow-grey interval may also be related to 
increased seasonality of precipitation and changes to vegetation. High sedimentation rates and 
large seasonal variability in precipitation promote avulsion (Leier et al., 2005; Bryant et al 1995). 
Increased storm intensity may have increased avulsion by increasing channel shear stress and the 
movement of sediment through the Bighorn Basin (Tucker and Slingerland 1997). In addition, 
reduced vegetation on the floodplain probably decreased channel bank strength, a condition 
favorable for erosion (Leier, 2005; Schumm, 1968).  
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Coarser grain sizes in the yellow-grey interval may also be attributed to changed 
weathering processes associated with climate. Decreased vegetation may have decreased 
chemical weathering of source rock so that mechanical weathering may have become the 
dominant weathering process (e.g. Vittori and Ventura, 1995). However, a change in weathering 
processes is difficult to interpret from rock record evidence. Climate change is a controlling 
factor in the size of sediment which moves through a drainage basin (Bull, 1979) but the climate 
related mechanisms for grain size change in the yellow-grey interval are not well understood. 
Coarser grain sizes continue into the big red interval, which experienced wetter and cooler 
conditions than the yellow-grey interval. Even though yellow-grey interval facies change and 
grain size change begin at similar stratigraphic points (Figs. 14 and 15), grain size returns to finer 
sizes much higher in the section at Highway 16. The lag in grain size change behind lithologic 
change suggests that coarser sediment took a relatively long period of time to flush through the 
drainage basin. 
Warmer and dryer climates are evident in the lower red interval as well as in the yellow-
grey interval.  The fossil plant assemblages through both the lower red and yellow-grey intervals 
are similar in the presence of legumes, although one of the paleofloras from the base of the lower 
red interval also contains some late Palocene plants (Wing, et al., 2005). The dramatic changes in 
sediment supply, grain sizes, and alluvial architecture begin at the base of the yellow-grey 
interval. The pronounced change may represent a sedimentary response to climate change 
beyond a threshold (Coates and Vitek, 1980; Bull, 1979). Sedimentologic change at the base of 
the yellow-grey interval is sudden, not gradual like PETM temperature and precipitation change. 
This suggests that storm seasonality increased, storm frequency decreased, and the amount of 
vegetation decreased beyond a critical point, causing sediment yield, sediment size, and 
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occurrence of avulsion to increase. Tucker and Slingerland, (1997), suggest that threshold 
landscape change is likely to occur as the result of gradual climate change. While this thesis 
hypothesizes that a climate threshold may explain the sedimentary response to PETM climate 
change, a more refined climate record is needed to suggest this with greater confidence. 
Other factors that influence avulsion, sediment supply, and grain size such as tectonic 
activity or changes to source area lithology are highly unlikely to have created the unique 
properties of the yellow-grey interval. The PETM interval lasted ~ 200,000 years (Murphy et al., 
2010) and, over this short time scale, it is more likely that climate change rather than tectonic 
change be recorded in the stratigraphy (e.g., Shanley and McCabe, 2004). Section 4 of this thesis 
also suggests that the earliest Eocene was tectonically quiescent in the southern Bighorn Basin. 
The carbon isotope curve (Fig. 4) also clearly links the lower red, yellow-grey, and big red 
intervals to a time of major climate change.  
8. Synthesis 
Comparison of facies architecture, including paleosol B- horizon thickness and presence 
of avulsion deposits, reveals that the yellow-grey interval contains thicker avulsion deposits and 
less well developed paleosols than the lower red or big red intervals. The abundance of these 
deposits in the yellow-grey interval illustrates that avulsion occurred frequently on the yellow-
grey interval floodplain and suggests that sedimentation rates were highest during the yellow-
grey interval. Higher sedimentation rates suggest that sediment yields were higher during this 
time. A vertical profile of percent grain size illustrates that the base of a coarser (silt > clay) 
grain size interval coincides with the base of the yellow-grey interval. High sediment yield and 
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coarser sediment at the base of the yellow-grey interval suggest that changes to weathering and 
erosion rates at the sediment source area occurred.  
A high resolution climate record illustrates that temperatures were highest and 
precipitation was highly seasonal during the yellow-grey interval. The close ties between climate 
change and the yellow-grey interval link sedimentary change to PETM climate change. The 
carbon isotope curve and global oxygen curve illustrate peaking temperatures during the yellow-
grey interval. The abundance of large scale carbonate nodules in the yellow-grey interval suggest 
that it was a relatively dry time. The paleofloral assemblage during the yellow-grey interval is 
dominated by legumes, suggesting that the climate was relatively dry and that precipitation was 
highly seasonal. The climate changes recorded by the yellow-grey interval for the depositional 
basin imply that climate changes also occurred in the sediment source area. 
The results of this study indicate that during the yellow-grey interval increased sediment 
yield, more frequent avulsion, and coarser grain sizes are related to PETM climate change. The 
tie between a high resolution climate and lithologic record suggests that changes during the 
yellow-grey interval are the result of climate change. Decreased storm frequency and increased 
storm intensity likely raised sediment yield and the frequency of avulsion by impacting stream 
discharge, drying soils, and increasing the erosional capacity of storms. Vegetation may have 
decreased and the plant community changed, increasing sediment yield and the occurrence of 
avulsion by decreasing ground surface protection, floodplain stability, and sediment retention on 
the floodplain. Coarser grain size at the base of the yellow-grey interval may have been caused 
by climate-related changes to weathering or other climate-related changes. 
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 In this study, links between a sedimentary record and a high resolution climate record are 
clear. Past workers have tried to understand the impacts of climate on the pre-Quaternary 
sedimentary record (Schmitz and Pujalte, 2007; 2003; Blum and Tonqvist, 2000; Shanley and 
McCabe, 1994). The impacts of climate can be difficult to differentiate from the impacts of other 
factors like tectonic change. This study is particularly well suited to link sedimentologic change 
to climate change because it contains clear evidence for climate change, sedimentologic change 
concomitant to climate change, and focused on an interval of sediment which is likely too short 
to record tectonic change. This study is a clear example of how a fluvial system responds to a 
global warming event.  
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APPENDIX A.   
 Grain Size Data for the Yellow- grey interval at Cabin Fork.  
Sample # 
Stratigraphic 
Level % Sand % Silt  % Clay  
CAB10-09-J-c 23.43 9.83 37.29 52.87 
CAB10-09-I-f 21.45 0.17 35.54 64.29 
CAB-10-G-o 19.45 34.69 37.42 27.89 
CAB10-09-G-k 18.32 1.83 45.73 52.44 
CAB10-09-G-g 16.31 68.89 18.13 12.98 
CAB10-09-G-e 14.06 19.44 40.46 40.11 
CAB10-09-F-h 11 50.53 26.81 22.66 
CAB-10-09-F-d 10.8 0.32 40.46 59.22 
CAB-10-09-F-a 9.5 0 29.88 70.12 
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APPENDIX B. 
  Grain size data for the Lower Red and Big Red Interval at Highway 16.  Stratigraphic level is meters 
above base of composite section for Highway 16.   (Kraus, unpubublished Data) 
Unit Level Sand Silt  Clay 
8-5-6 34.41 1.46 60.589 37.951 
08-02-1 34.12 18.05 39.38 42.57 
08-02-3 33.67 0.47 47.44 52.09 
08-02-4 (7 cm) 33.54 0.00 46.88 53.12 
8-02-4 (13 cm) 33.48 0.01 37.76 62.23 
08-02-5 33.13 0.60 33.95 65.45 
8-02-6 32.58 5.80 60.15 34.05 
8-1-3 30.08 9.53 55.84 34.63 
8-1-4 29.93 5.13 51.78 43.09 
8-1-5 29.78 3.26 49.70 47.04 
8-1-7 29.5 1.31 59.49 39.20 
08-1-9 29.23 4.40 42.73 52.86 
08-1-10 29.02 7.08 58.02 34.90 
8-1-11 28.79 17.83 46.34 35.82 
8-1-14 26.03 0.00 36.32 63.68 
8-1-15 25.75 0.03 49.92 50.05 
8-1-16 25.52 5.87 61.41 32.72 
08-1-17 25.21 0.00 40.07 59.25 
08-1-18 24.88 0.00 36.78 63.22 
08-1-19 24.48 0.13 32.85 67.02 
08-1-20 top   2.91 31.58 65.50 
8-08-1-20 mid 24.12 4.04 39.15 56.81 
 
Unit 
Stratigraphic 
Level %Sand %Silt %Clay 
18-1 58.5 0.00 52.90 47.10 
8-15-1 55.83 0.46 57.95 41.59 
15-2 55.67 9.91 43.40 46.69 
08-15-3 upper 55.48 19.84 40.74 39.41 
08-15-3 lower 55.39 4.13 30.63 65.24 
08-15-4 (13 cm) 55.17 1.90 32.57 65.19 
08-15-4 (39 cm) 54.91 0.44 36.27 63.22 
08-15-4 (65 cm) 54.65 0.60 35.55 63.80 
08-15-5 54.02 10.89 33.99 55.12 
14-1 53.36 0.48 45.07 54.45 
14-2 53.03 8.05 27.73 64.22 
  
66 
 
 
14-3 52.66 0.00 43.46 56.53 
08-14-4 (30cm) 52.14 0.35 38.13 61.49 
08-14-4 (50cm) 51.94 0.60 35.68 63.72 
08-14-4 (90cm) 51.54 0.35 39.83 59.82 
14-5 51.25 1.69 26.73 71.58 
10-1 50.66 54.12 24.76 21.11 
10-2 49.94 11.11 47.74 41.15 
10-3 49.57 6.13 49.20 44.68 
12-2 47.87 0.00 37.76 62.25 
12-3 47.53 0.00 38.07 61.93 
12-4 47.23 0.02 38.93 61.05 
12-5A 47.03 0.02 27.51 72.47 
12-5B 46.75 0.14 38.88 60.98 
08-8-1 43.64 0.18 40.22 59.56 
08-8-2 (10 cm) 43.41 0.00 47.77 52.23 
08-8-2 (middle) 43 6.59 31.89 61.52 
08-8-2 (lower) 42.72 0.19 41.62 58.19 
08-8-3 42.37 0.00 39.15 60.85 
8-7-1 (60 cm) 40.76 0.08 39.01 60.91 
8-7-2 39.99 0.97 49.46 49.57 
8-6-1 39.21 2.87 52.70 44.43 
8-6-2 38.17 9.63 66.16 24.21 
8-6-3 37.37 2.96 60.24 36.80 
8-5-1 36.37 6.76 60.42 32.82 
8-5-2 36.03 5.34 47.44 47.22 
8-5-3 35.72 1.13 58.57 40.30 
8-5-4 35.48 0.80 63.37 35.83 
8-5-5 35.08 0.02 43.86 56.12 
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APPENDIX C.  
Trench 
Descript
ionsTre
nch 
SN-HS-
14 
Latitude/Longitude N 44˚ 01.534’ W107˚ 43.678’, Highway 16 This is the lowest trench dug in the yellow-grey interval. 
The bed below sn-hs-09-14a is a laterally continuous red-bed which is part of the lower red interval.  
unit 
number 
base 
level 
top 
level 
 grain 
size  
 
color  
primary  
structure  
secondary 
structure 
(slicks, 
bioturbatio
n etc)  
mottle 
color  
contact nodules comments 
‘’ indicates 
interpretation 
sn-hs-
09-14a 0 cm  
20 
cm clay  
light 
grey N7   slickensides  
greyish 
purple 5P 
4/2, 
greyish 
orange  
10YR 7/4 
  ‘Grey 
mottled 
mudstone 
facies’ 
sn-hs-
09-14b 
20 
cm  
62 
cm  clay 
light 
bluish 
grey 5 
B7/1 
 
slickensides  
moderate 
red 5R 4/6, 
greyish 
orange 
10YR 7/4 
  ‘Grey 
mottled 
mudstone 
facies’ 
sn-hs-
09-14c 
62 
cm  
94 
cm  clay 
medium 
light 
grey N6    slickensides  
dark 
yellowish 
orange 
10YR 6/6 
  ‘Grey 
mudstone 
facies’ 
  
 
 
6
8
 
sn-hs-
09-14d 
94 
cm  
128 
cm  clay 
Medium 
light 
grey N6  
relict 
bedding 
slickenside, 
sand-filled  
burrows, 
calcite-
filled  
burrows, 
powdery 
surface 
calcite,  
yellow-
brown 
  ‘Grey 
mudstone 
facies’ 
sn-hs-
09-14e 
128 
cm  
184 
cm  clay l. bluish gr 5B 7/1   
slickensides 
branching 
rootlets, 
sand-filled 
burrow 
dark 
yellowish 
orange 
10YR 6/6 
  ‘Grey 
mottled 
mudstone 
facies’ 
sn-hs-
09-14f 
184 
cm  
206 
cm silt 
l grey 
N7 
relict 
bedding  
sand-filled 
burrows 
 
  ‘Grey 
mudstone 
facies’ 
sn-hs-
09-14f2 
206 
cm  
291 
cm  clay  
dark 
grey     
  
  ‘Grey 
mudstone 
facies’ 
sn-hs-
09-14g 
291 
cm 
337 
cm 
very fine 
sandy 
mud 
greenish 
grey  
5GY 6/1  
relict 
bedding 
sand-filled 
burrows, 
calcite-
filled 
burrows, 
mud-filled 
burrows  
dark 
yellowish 
orange 
10YR 6/6 
  ‘Grey 
mudstone 
facies’ 
sn-hs-
09-14h 
337 
cm  
379 
cm  clay 
greenish 
grey  
5GY 6/1  
relict 
bedding 
calcite-
filled 
burrows, 
  
  ‘Grey 
mudstone 
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sand-filled 
burrows  
facies’ 
sn-hs-
09-14i 
379 
cm  
412 
cm silt 
Light 
grey N7 
 
calcite-
filled 
burrows, 
sandy-filled 
burrows,  
 
  ‘Grey 
mudstone 
facies’ 
sn-hs-
09-14j 
412 
cm  
446 
cm  silt 
greenish 
grey  
5GY 6/1    
fine sand-
filled 
burrows  
  
  ‘Grey 
mudstone 
facies’ 
sn-hs-
09-14k 
446 
cm  
558 
cm  silt 
yellow-
grey 
 
dark 
colored silt-
filled 
burrows,  
 
  ‘Yellow-
brown 
mudstone 
facies’ 
sn-hs-
09-14l 
558 
cm  
623 
cm  
sand silt 
clay 
greyish 
orange  
10YR 
7/4- 
moderat
e 
 
yellowis
h  
brown  
10YR 
5/4   
sand-filled  
and mud-
filled 
burrows, 
slickensides  
light grey 
N7  
  ‘Yellow-
brown 
mudstone 
facies’ 
sn-hs-
09-14m 
623 
cm  
678 
cm  
sand silt 
clay 
Light 
grey N7- 
medium 
light 
grey N6      
  
  ‘Grey 
mudstone 
facies’ 
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Trench 
sn-hs-
09-15 
Latitude/Longitude N 44˚ 01.534’ W107˚ 43.678’, Highway 16. Conformably overlies 09-14  true dip 5.27 trend 
085 
unit 
number 
base 
level 
top 
level 
 grain 
size   color  
primary 
structure  
secondary 
structure  mottle color  
contact 
nodules  comments 
sn-hs-
09-15a 0 cm  
94 
cm 
sand silt 
clay 
medium 
light grey 
N6 mudclasts  
 
dark 
yellowish 
orange 10YR 
6/6 
 
  
abundant 
black , 
green and 
pink sand 
grains. 
dark 
grains 
with 
orange 
weathering 
rind  
‘Grey 
mottled 
mudstone 
facies’ 
sn-hs-
09-15b 
94 
cm  
173 
cm 
clayey 
silt 
pale 
yellow-
grey   
small scale 
slickensides, 
calcite-filled 
burrows  grey and red  
 
carbonate 
nodules 
‘Grey 
mottled 
mudstone 
facies’ 
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sn-hs-
09-15c 
173 
cm  
197 
cm 
silty 
mud  
greenish 
grey 
5GY 6/1 
 
root traces, 
sand-filled 
burrows,  
 
 cm scale 
carbonate 
nodules  
abundant 
black 
flecks  
sn-hs-
09-15d 
197 
cm  
227 
cm silt clay 
greyish 
orange 
10YR 
7/4- 
moderate 
yellowish 
brown 10 
yr 5/4   
silt-filled 
burrows  
medium light 
grey N6 
sparse red 
mottles  
 
cm scale 
carbonate 
nodules  
‘Yellow-
brown 
mudstone 
facies’ 
-black 
flecks 
sn-hs-
09-15e 
227 
cm 
273 
cm 
silty 
mud  
Light  
greenish 
grey- 
greenish 
grey 
5GY6/1 
 
sand-filled 
burrows  
sparse pale 
reddish brown 
10R 5/4 
 
sparse cm 
scale 
nodules  
‘grey 
mudstone 
facies’ 
green and 
black 
grains, 
dark clasts 
with 
orange 
weathering 
rind  
sn-hs-
09-15f 
273 
cm  
307 
cm silt clay 
greyish 
orange 
10YR 
7/4     
greenish grey 
5GY6/1 
sparse red-
brown mottles  
 mm-cm 
scale 
carbonate 
nodules  
‘Yellow-
brown 
mudstone 
facies’ 
sn-hs-
09-15g 
307 
cm 
353 
cm  
clayey 
silt 
Light 
greenish 
grey 
5GY 8/1   
sand-filled 
burrows, 
mudstone 
clasts 
pale red 10R 
6/2- greyish 
red 10R 4/2 
 
cm scale 
carbonate 
nodules  
‘grey 
mudstone 
facies’ 
mm-cm 
scale black 
flecks with 
orange 
  
 
 
7
2
 
weathering 
zone, very 
coarse 
black 
grains 
 
 
trench 
sn-hs-
09-16 
N˚ 44 02.476’ W˚ 107 46.776’ True Dip 4˚ Trend 055. This is the lowermost trench at the North Highway 16 
location. The bed below SNHS-09-16a is a laterally persistent red bed in the lower red interval 
unit 
number 
base 
level 
top 
level 
 grain 
size   color  
primary 
structure  
secondary 
structure 
(slicks, 
bioturb. etc) 
mottle 
color  
contact 
nodules  comments 
sn-hs-
09-16a 
0 
cm  
58 
cm   silty mud 
dark 
yellowish 
orange 
10YR 6/6   slickensides  
sparse 
moderate 
reddish 
brown 
10R  4/6,  
medium 
light grey 
N6 
 
  
‘yellow 
mudstone 
facies’ 
powdery 
surface 
calcite, 
black 
flecks, 
dark 
weathered 
surfaces 
with blue 
sheen  
sn-hs-
09-16b 
58 
cm  
143 
cm  mud  
moderate 
yellowish 
brown 
10YR 5/4   
large and 
small scale 
slickensides 
dusky red 
5R 3/4, 
light 
greenish 
grey 5G 
8/1  
 
  
‘yellow-
brown 
mudstone 
facies’ 
Calcite-
filled 
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fractures, 
black 
flecks  
sn-hs-
09-16c 
143 
cm  
174 
cm  silty mud 
light grey  
N7    
slickensides,  
sand-filled 
burrows  
greyish 
orange 
10YR 7/4 
 cm scale 
carbonate 
nodules  
 ‘grey 
mudstone 
facies 
sn-hs-
09-16d 
174 
cm  
232 
cm  silt  
greenish 
grey 5GY 
6/1   
heavily 
bioturbated 
at base, 
sand-filled 
burrows  
sparse 
yellow-
brown  
 
  
‘grey 
mudstone 
facies’ 
abundant 
black 
grains, 
green 
grains, 
amber or 
brown 
grains  
sn-hs-
09-16e 
232 
cm  
353 
cm  
very fine 
sand  
medium 
light grey 
N7    
mud-filled 
and sand-
filled 
burrows  
greyish 
orange 
10YR 7/4 
 
  
‘sandstone 
facies’ 
abundant 
black 
grains, 
coarse and 
angular 
orange 
grains  
sn-hs-
09-16f 
353 
cm  
369 
cm  
very fine 
sand  
medium  
light grey 
N7      
greyish 
orange 
10YR 7/4 
 
  
‘sandstone 
facies’ 
mm scale 
black 
flecks on 
surface  
sn-hs- 369 375 silty mud greyish   sand-filled greenish  abundant  ‘yellow-
  
 
 
7
4
 
09-16g cm  cm  orange 
10YR 7/4 
burrows grey 5GY 
6/1 and 
dusky red 
5R 3/4 
cm scale 
carbonate 
nodules  
brown 
mudstone 
facies’ 
sn-hs-
09-16h 
375 
cm  
459 
cm  silty mud 
dark 
yellowish 
orange 
10YR 6/6   
sand-filled 
burrows 
light 
bluish 
grey 5B 
7/1 , 
dusky red 
5R 3/4  
 
abundant 
cm scale 
carbonate 
nodules  
 ‘yellow-
brown 
mudstone 
facies’ 
 
 
 
Trench 
sn-hs-
09-17 
Latitude/Longitude N˚ 44 02.476’  W˚107 46.776’. True Dip 4˚ Trench Trend 038. This trench is located at North 
Highway 16 and conformably overlies SN-HS-09-16 
unit 
number 
base 
level 
top 
level 
 grain 
size   color  
primary 
structure  
secondary 
structure  
mottle 
color  
contact 
nodules  comments 
sn-hs-
09-17a 
0 
cm  
20 
cm  
medium 
sand  
greenish grey 
5GY 6/1 
cm scale 
orange/red 
mudclasts  
calcite in 
fractures    
 
  
‘sandstone 
facies’  
red, green, 
black, 
yellow, 
grains  
sn-hs-
09-17b 
20 
cm  
32 
cm  
Very 
fine 
sandy 
mud  
light greenish 
grey 5GY 8/1     purple 
 
  
‘grey 
mudstone 
facies’ 
heavy 
bioturbation 
accounts 
for 
sand/mud 
mix; sand 
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and mud 
are not 
lenses or 
distinct  
burrows etc 
but are part 
of a highly 
bioturbated 
matrix 
sn-hs-
09-17c 
32 
cm  
75  
cm  mud  
greenish grey 
5GY 6/1   
sand-filled 
burrows, 
carbonate-
filled 
burrows,  
sand-filled 
burrows  
pale 
yellowish 
orange 
10YR 
8/6 and 
purple 
 
carbonate 
nodules  
 ‘ grey 
mottled 
mudstone 
facies’ 
heavily 
bioturbated 
unit, cm 
scale black 
flecs w/  
sn-hs-
09-17f 
75 
cm  
108 
cm  
silty 
mud  
light greenish 
grey 5GY 8/1   
 
 
carbonate-
filled 
burrows, 
fine sand-
filled 
burrows 
greyish 
orange 
10YR 
7/4 
 
carbonate 
nodules  
‘grey 
mottled 
mudstone 
facies’ 
burrow 
intensity 
increases 
up unit, 
black grains 
and black 
surface 
flecks  
sn-hs-
09-17g 
108 
cm  
122 
cm  mud  
greenish grey 
5GY 6/1   
carbonate-
filled 
burrows, 
greyish 
red 5R 
4/2, 
 
carbonate 
nodules    
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sand-filled 
burrows 
moderate  
yellowish 
brown 
10YR  
5/4 
sn-hs-
09-17h 
122 
cm  
190 
cm  mud  
moderate 
yellowish brown 
10YR 5/4   
slickensides, 
sand-filled 
burrows  
light 
bluish 
grey 5B 
7/1 
 
  
‘yellow-
brown 
mudstone 
facies’ 
 
 
trench 
sn-hs-
09-18 
N˚44 02.508’ W˚107 46.780’ True Dip 051 Trench Trend 040. North Highway 16 This trench is ~5 m below SNHS-
19A and ~ 5 m north of SNHS-16/17  
 
unit 
number 
base 
level 
top 
leve
l 
 grain 
size   color  
primary 
structure  
secondary 
structure  
mottle 
color  contact  nodules  comments 
 
sn-hs-
09-18a 0 cm  
38 
cm  mud  
greenish grey 
5GY 6/1 
 
slickensides, 
sand-filled 
burrows, 
calcite-filled 
fractures  
greyish 
orange 
10YR 
7/4 
scour 
above  
carbona
te 
nodules  
‘grey 
mottled 
mudstone’ 
black 
flecks  
 
sn-hs-
09-18b 
38c
m  
83 
cm  
fine  
sand  
light olive grey 
5Y 6/1 
planar 
cross bed  
  
scour 
below, 
angled 
above   
‘sandstone 
facies’ 
black 
lithic 
grains  
 
sn-hs-
09-18c 
83 
cm 
101 
cm  
very 
fine 
sand  dark grey  
  
yellow-
brown, 
sparse 
red-
brown  
angled 
below, 
scour 
above   
‘sandstone 
facies’ 
mm scale 
organic 
chunks  
 
sn-hs- 101 110 very light greenish 
 
fine sand- dark scour  ‘sandstone  
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09-18d cm  cm  fine 
sand  
grey 5G 8/1 filled 
burrows  
yellowis
h orange 
10YR 
6/6 , 
sparse 
reddish 
brown  
below 
flat 
lying 
above  
facies 
mudstone’
mm scale 
organic 
chunks  
sn-hs-
09-18e 
110 
cm  
145 
cm  
fine-
very 
fine 
sand  
light olive grey 
5Y 6/1 
 
mud-filled 
horizontal 
burrows  
 
low 
angle 
above, 
flat 
lying 
below   
‘sandstone  
facies’ 
 
sn-hs-
09-18f 
145 
cm  
158 
cm  
fine 
sand  
light greenish 
grey 5G 8/1 
 
horizontal 
mud-filled 
burrows  
 
low 
angle 
below, 
low 
angle 
above  
‘sandstone 
facies’ 
 
sn-hs-
09-18g 
158 
cm  
178 
cm  
fine 
sand  
light olive grey 
5Y 6/1 
 
mud-filled 
horizontal 
burrows  
 
low 
angle 
above   
‘sandstone 
facies’ 
black 
flecks 
with 
orange 
weatherin
g rind 
 
sn-hs-
09-18h 
178 
cm  
233 
cm  silt 
greenish grey 5G 
6/1 
  
moderate 
red 5R 
5/4 
gradati
onal 
above 
carbona
te 
nodules  
‘grey 
mottled 
mudstone 
facies’ 
black 
flecks 
 
  
 
 
7
8
 
with 
orange 
weatherin
g rind 
sn-hs-
09-18i 
233 
cm  
245 
cm  
silty 
mud 
greenish grey 
5GY 6/1 
  
dark 
yellowis
h orange 
10YR 
6/6, 
greyish 
red 5R 
4/2 
gradati
onal 
below 
irregula
r above   
‘grey 
mottled 
mudstone’
black 
flecks, 
abundant 
black 
grains  
 
sn-hs-
09-18j 
245 
cm  
265 
cm  silt 
medium light 
grey N6 
  
dark 
yellowis
h orange 
10YR 
6/6, 
greyish 
red 5R 
4/2 
irregula
r above  
‘grey 
mottled 
mudstone 
facies’ 
 
sn-hs-
09-18k 
265 
cm  
313 
cm  
fine 
sandy 
mud 
light greenish 
grey 5GY 8/1 
  
sparse 
reddish 
brown  
planar 
contact 
above  
‘grey 
mudstone 
facies’  
medium 
pink and 
black 
grains 
present  
 
sn-hs-
09-
18lmn 
313 
cm  
328 
cm  
silty 
mud 
greenish grey 
5GY 6/1 
 
slickensides  
dark 
yellowis
h orange 
10YR 
6/6 
low 
angle 
contact 
above   
‘grey 
mottled 
mudstone 
facies’ 
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sn-hs-
09-18o 
328 
cm  
348 
cm  
silty 
mud Dark grey  
  
abundant 
yellow 
brown  
low 
angle 
above  
‘grey 
mudstone 
facies’ 
 
sn-hs-
09-18p 
348 
cm  
385 
cm  silt  
light bluish grey 
5B 7/1 
  
dark 
yellowis
h orange 
10YR 
6/6 
gradati
onal 
above  
mm 
scale 
carbona
te 
nodules  
‘grey 
mottled 
mudstone 
facies’ 
black 
flecks 
 
sn-hs-
09-18q 
385 
cm  
470 
cm  
silty 
mud 
greenish grey 
5GY 6/1 
planar 
crossbeds  slickensides  
moderate 
yellowis
h brown 
10YR 
5/4 
 
 
‘grey 
mottled 
mudstone 
facies’ 
calcite 
replaceme
nt in 
fractures 
 
sn-hs-
09-18r 
470 
cm  
485 
cm  silt  
greenish grey 
5GY 6/1 
    
 
‘grey 
mudstone 
facies’ 
 
sn-hs-
09-18s 
485 
cm  
515 
cm  mud  
l bluish grey 5B 
7/1 
  
moderate 
yellowis
h brown 
10YR 
5/4 
 
 
‘grey 
mottled 
mudstone 
facies’ 
 
 
 
Trench 
sn-hs-
09-19 
Latitude/ Longitude N˚ 44 02.509  W 107˚ 46.742 Trench Trend 064 True Dip 4.1, North Highway 16 This trench is N 
of SNHS-17 and S of SNHS-18. SNHS-19a is a datum. 
unit 
number 
base 
level 
top 
level 
 grain 
size   color  
primary 
structure  
secondary 
structure  
mottle 
color  contact  nodules  comments 
sn-hs- 0 11 mud  moderate red  5R   slickensides, light   sparse 
 
  
 
 
8
0
 
09-19a cm  cm  5/4- dusky red 
5R 5/4 
very fine 
sand-filled 
burrows  
greenish 
grey 5G 
8/1, dark 
yellowish 
orange 
10YR 6/6 
mm & 
cm scale 
carbonate 
nodules  
sn-hs-
09-19b 
11 
cm  
42 
cm  mud  
moderate 
yellowish brown 
10YR 5/4   
sparse small 
slickensides  
faint pale 
reddish 
brown 
10R 5/4, 
light 
bluish 
grey 5B 
7/1   
cm scale 
carbonate 
nodules 
 ‘yellow-
brown 
mudstone 
facies’ 
sn-hs-
09-19c 
42 
cm  
60 
cm  
very 
fine 
sand  light grey N7  
mm scale 
organic 
clasts  
mud-filled 
burrows  
greyish 
orange 
10YR 7/4      
 ‘grey 
mottled 
mudstone 
facies’ 
sn-hs-
09-19d 
60 
cm  
66 
cm  silt light grey  N7    
fine sand-
filled 
burrows  
sparse 
yellow-
brown    
mm - cm 
scale 
carbonate 
burrows  
‘grey 
mudstone 
facies’ 
black flecks 
with orange 
weathering 
rind  
sn-hs-
09-19e 
66 
cm  
115 
cm  mud  
moderate 
yellowish brown 
10YR 5/4 
relict 
bedding  
slickensides, 
very fine 
sand-filled 
burrows, 
carbonate-
filled 
burrows  
light grey 
N7, 
moderate 
red 5R 
4/6    
abundant 
cm scale 
carbonate 
nodules  
 ‘yellow-
brown 
mudstone 
facies’ 
sn-hs- 115 142 very light grey N7    dark grey     cm scale ‘grey 
  
 
 
8
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09-19f cm  cm  fine 
sand  
rhizoliths  carbonate 
nodules 
mudstonr 
facies’ 
black flecks 
with orange 
weathing 
rind, in 
some places 
unit appears 
to be mud 
with sand-
filled 
burrows--> 
heavily 
bioturbated 
unit  
sn-hs-
09-19g 
142 
cm  
198 
cm 
very 
fine 
sand  
greenish grey 
5GY 6/1   
heavily 
bioturbated 
greyish 
red purple 
5RP 4/2   
mm - cm 
scale 
carbonate 
nodules 
‘grey 
mottled 
mudstone 
facies’ 
abundant 
black 
lithics, 
liesegang 
surface 
replacement  
sn-hs-
09-19h 
198 
cm  
222 
cm  
very 
fine 
sand  light grey N7   
mud-filled 
burrows  
greyish 
orange 10 
YR 7/4     
‘ grey 
mottled 
mudstone 
facies’ 
dark flecks 
with orange 
weathering  
sn-hs- 222 248 muddy light greenish   heavily small red-   
 
‘grey 
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09-19i cm  cm  sand grey 5GY 8/1- 
greenish grey 
5GY 6/1 
bioturbated brown,  
greyish 
orange 10 
YR 7/4 
mudstone 
facies’ 
heavily 
bioturbated, 
sand and 
mud are so 
pervasively 
mixed it’s 
hard to tell 
burrow-fill 
vs 
dominant 
grain size 
sn-hs-
09-19j 
248 
cm  
264 
cm  
muddy 
sand  
greenish grey 
5GY  6/1   
heavily 
bioturbated 
v. dusky 
red 10R 
2/2,  
greyish 
orange 
10YR  7/4   
 
‘grey 
mottled 
mudstone 
facies’ 
heavily 
bioturbated, 
sand and 
mud are so 
pervasively 
mixed it’s 
hard to tell 
burrow-fill 
vs 
dominant 
grainsize 
sn-hs-
09-19k 
264 
cm  
347 
cm  
very 
fine 
sand  
greenish grey 5G 
6/1     
greyish 
orange 
10YR 7/4     
 
‘ grey 
mudstone 
facies’ 
carbonate 
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in fractures 
sn-hs-
09-19l 
347 
cm  
364 
cm  
silty 
mud 
dark yellowish 
orange 10YR 6/6   
grey 
rhizoliths, 
slickensides, 
carbonate-
filled 
burrows 
greenish 
grey 5GY 
6/1    
carbonate 
nodules 
‘yellow-
brown 
mudstone’ 
black flecks  
 
sn-hs-
09-20 Latitude/Longitude N˚ 44 02.518  W˚ 107 46.740, North Highway 16  Trench Trend 035 True Dip 4.1 
  unit 
number 
  base   
llevel 
top 
level 
 grain 
size   color  
primary 
structure  
secondary 
structure  
mottle 
color  contact  nodules  comments 
sn-hs-
09-20a 
0 
cm  
28 
cm  
very 
fine 
sand  
dark 
yellowish 
orange 10YR 
6/6- moderate 
yellowish 
brown 10YR 
5/4   
grey 
rhizoliths   
light bluish 
grey 5B 
7/1, sparse 
dark 
reddish 
brown 10R 
3/4   
mm-cm 
scale 
carbonate 
nodules  
 ‘yellow-
brown 
mudstone’ 
sn-hs-
09-20b 
28 
cm  
42 
cm  mud 
medium light 
grey N6 
relict 
bedding  
slickensides, 
sand-filled 
burrows 
red-brown, 
dark 
yellowish 
orange 
10YR  6/6   
cm scale 
carbonate  
‘grey 
mudstone 
facies’ 
black grains 
sn-hs-
09-20c 
42 
cm  
70 
cm  
very 
fine 
sand  
greenish grey 
5GY 6/1 
relict 
bedding  
mud-filled 
burrows, 
fine sand-
filled 
burrows  
greyish 
orange 
10YR 7/4- 
moderate 
yellowish 
brown 
10YR 5/4     
 ‘grey 
mudstone 
facies’ 
sn-hs-
09-20d 
70 
cm  
83 
cm  
silty 
mud 
dark 
yellowish 
relict 
bedding    
red-brown, 
light bluish   
abundant  
cm scale  
 ‘yellow-
brown 
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orange 10YR 
6/6 
grey 5B 
7/1  
carbonate mudstone 
facies’ 
sn-hs-
09-20e 
83 
cm  
119 
cm  
silty 
mud 
light greenish 
grey  5GY 
8/1 
relict 
bedding  
mud-filled 
burrows, 
sand-filled 
burrows, 
carbonate 
burrows 
greyish 
orange 10 
YR 7/4   
cm (large) 
scale 
carbonate 
nodules  
 ‘grey 
mudstone 
facies’ 
sn-hs-
09-20f 
119 
cm  
127 
cm  mud 
light greenish 
grey 5GY 8/1   
sand-filled 
burrows  
greyish 
orange 
10YR 7/4, 
red-brown   
abundant 
cm scale 
carbonate 
nodules 
 ‘grey mottled 
mudstone 
faices’ 
sn-hs-
09-20g 
127 
cm  
169 
cm  
fine 
sand  light grey N7 
cm scale 
mudclasts  slickensides  
dark 
yellowish 
orange 
10YR 6/6   
carbonate 
nodules 
 
 
‘grey mottled 
mudstone 
facies’ 
abundant 
black grains 
sn-hs-
09-20h 
169 
cm  
195 
cm 
silty 
mud 
greyish 
orange 10YR 
7/4- dark 
yellowish 
orange 10yr 
6/6   
fine sand-
filled 
burrows  
light grey 
N7    
abundant 
cm- scale 
carbonate 
nodules  
 ‘yellow-
brown 
mudstone 
facies’ 
sn-hs-
09-20i 
195 
cm  
226 
cm  silt 
light greenish 
grey  5GY 
8/1   
mud-filled 
burrows  
greyish 
orange 10 
YR 7/4   
abundant 
mm-cm 
scale 
carbonate 
nodules  
‘grey mottled 
mudstone 
facies’ 
abundant 
black lithic 
grains 
sn-hs-
09-20j 
226 
cm  
242 
cm  mud 
light greenish 
grey 5G 8/1    
sand-filled 
burrows  
 
  
cm scale 
carbonate 
 ‘grey 
mudstone 
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nodules facies’ 
sn-hs-
09-20k 
242 
cm  
257 
cm  
very 
fine 
sand  
greenish grey 
5GY 6/1   
mud-filled 
burrows 
sand-filled 
burrows        
‘grey 
mudstone 
facies’  
pervasive 
bioturbation 
sn-hs-
09-20l 
257 
cm  
276 
cm  silt  
light greenish 
grey 5GY 8/1   
sand-filled 
burrows      
abundant 
mm-cm 
scale 
carbonate 
nodules  
‘grey 
mudstone 
facies’ 
covered  
276 
cm  
940 
cm                  
br1 
940 
cm  
1075 
cm                  
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CAB10-
G 
Latitude/Longitude N 43˚ 57.432 W 107˚ 38.605, Cabin Fork This trench is ~ 3.5 m above  Cab10-E described by Mary 
Kraus  
Unit 
Number 
Base 
level 
Top 
Level 
 Grain 
Size   Color  
Primary 
Structure  
Secondary 
structure  
Mottle 
Color  Contact  Nodules  Comments 
CAB10-
G-09A 
0 
CM  
44 
CM  
muddy 
sand 
light 
greenish 
grey 5GY 
8/1 
 
slickensides  
dark 
yellowish 
orange 
10YR 6/6 
  
‘grey 
mottled 
mudstone 
facies’ 
abundant 
black 
grains, 
black flecks 
CAB10-
G-09B 
44 
CM  
86 
CM  
silty 
mud 
greyish 
purple 5P 
4/2 
  
light 
greenish 
grey 5GY 
8/1, greyish 
orange 
10YR 7/4 
 
carbonate 
nodules  
‘grey 
mottled 
mudstone 
facies’ 
CAB10-
G-09C 
86 
CM  
101 
CM 
silty 
mud 
greenish 
grey 5GY 
6/1 
  
sparse red-
brown, 
greyish 
orange 
10YR 7/4 
 
carbonate 
nodules  
‘grey 
mottled 
mudstone 
facies’ 
CAB10-
G-09D 
101 
CM  
124 
CM  
silty 
mud 
greenish 
grey 5GY 
6/1 
 
slickensides  
greyish red 
purple 5RP 
4/2 
 
carbonate 
nodules  
‘grey 
mottled 
mudstone 
facies’ 
CAB10- 124 148 sand greenish 
 
sand-filled 
   
‘grey 
  
 
 
8
7
 
G-09E CM  CM  silt-clay  grey 5GY 
6/1 
burrows, 
slickensides  
mudstone 
facies’ 
XX 
148 
CM  
220 
CM  
        
CAB10-
G-09F 
220 
CM  
235 
CM  
muddy 
sand  
greenish 
grey 5GY 
6/1 
 
sand-filled 
burrows, 
slickensides  
dark 
yellowish 
orange 
10YR 6/6 
 
carbonate 
nodules 
‘grey 
mottled 
mudstone 
facies’ 
CAB10-
G-09G 
235 
CM  
425 
CM 
Silty 
sand  
yellowish 
grey 5Y 
8/1 
planar 
crossbeds  
    
‘sandstone 
facies’ 
black, 
green, pink 
grains  
CAB10-
G-09H 
425 
CM  
500 
CM  
muddy 
sand  
light 
greenish 
grey 5GY 
8/1 
relict 
bedding  
sand-filled 
burrows  
dark 
yellowish 
orange 10 
YR 6/6 
scour 
above 
 
‘sandstone 
facies’ 
CAB10-
G-09I 
500 
CM  
533 
CM 
fine 
sand  
pale-
orange  
planar 
crossbeds  
  
scour 
below 
 
‘sandstone 
facies’ 
CAB10-
G-09J 
533 
CM  
607 
CM  
fine 
sand  
pale-
orange  
   
gradational 
below  
 
‘sandstone 
facies’ 
CAB10-
G-09K 
607 
CM  
629 
CM  
silty 
mud 
greenish 
grey 5GY 
6/1 
 relict 
bedding 
sand-filled 
burrows  
dark 
yellowish 
orange 
10YR 6/6 
planar 
above 
 
‘grey 
mottled 
mudstone 
facies’ 
CAB10-
G-09L 
629 
CM  
642 
CM  silt 
greenish 
grey  
relict 
bedding 
sand-filled 
burrows  
 
planar 
below 
 
‘grey 
mudstone 
facies’ 
CAB10-
G-09M 
642 
CM  
653 
CM  mud  
Light 
greenish 
grey  
 
sand-filled 
burrows  
reddish 
brown  
  
‘grey 
mudstone 
facies’ 
CAB10-
G-09N 
653 
CM  
699 
CM 
fine 
sand  
pale-
orange  
     
‘sandstone 
facies’ 
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CAB10-
G-09O 
699 
CM  
742 
CM  
muddy 
sand silt  
yellowish 
grey 5Y 
8/1 
planar 
crossbeds 
    
‘sandstone 
facies’ 
CAB10-
G-09P 
742 
CM  
767 
CM  
silty 
mud  
light 
greenish 
grey 5GY 
8/1 
 
sand-filled 
burrows  
greyish 
orange 
10YR 7/4, 
greyish red 
10 R 4/2 
 
carbonate 
nodules 
‘grey 
mottled 
mudstone 
facies’ 
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CAB10-
I 
Latitude/Longitude N 43˚57.425   W 107˚ 33.641, Cabin Fork. This trench is across a steep gully from Cab10-I, Cab10-I-
09A is tracer bed. This trench is at the same composite stratigraphic height as Wing Cab10-H (unpublished) 
Unit 
Number 
Base 
level 
Top 
Level 
 Grain 
Size   Color  
Primary 
Structure  
Secondary 
structure  
Mottle 
Color  Contact  Nodules  Comments 
CAB10-
I-09A 
0 
CM  
60 
CM 
muddy 
sand  
greenish 
grey 5GY 
6/1   
sparse 
slickensides  
greyish red 
purple 5RP 
4/2    
carbonate 
nodules 
 ‘grey 
mottled 
mudstone 
facies’ 
CAB10-
I-09B 
60 
CM  
77 
CM 
clayey 
silt  
light 
greenish 
grey 5GY 
8/1    slickensides     
mm-cm 
scale 
carbonate 
nodules 
 ‘grey 
mudstone 
facies’ 
CAB10-
I-09C 
77 
CM  
116 
CM  
very fine 
sand 
greenish 
grey 5G 
6/1   
grey root 
traces 
red brown, 
yellow 
brown   
abundant 
carbonate 
nodules 
 ‘grey 
mottled 
mudstone 
facies’ 
CAB10-
I-09D 
116 
CM  
137 
CM  
silty 
muds 
greenish 
grey 5GY 
6/1   slickensides       
 
‘grey 
mudstone 
facies’ 
abundant 
black flecks 
CAB10-
I-09E 
137 
CM  
160 
CM  
Muddy 
very fine 
sand  grey   
sparse 
slickensides  
red-brown 
mottles    
carbonate 
nodules 
 ‘sandstone 
facies’ 
CAB10-
I-09F 
160 
CM  
175 
CM  silty clay  
greyish 
orange 
10YR 7/4   
 abundant 
slickensides 
greenish 
grey 5GY 
6/1    
cm scale 
carbonate 
nodules 
 ‘grey 
mudstone 
facies 
CAB10-
I-09G 
175 
CM  
191 
CM  mudstone d. grey    slickensides 
greyish red 
10R 4/2 , 
greyish   
carbonate 
nodules 
 ‘grey 
mottled 
mudstone 
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orange 
10YR 7/4 
facies’ 
            
 
Trench 
CAB10-
J-09 N 43˚ 95.70  W 107˚ 56.06, Cabin Fork This trench is ~2.25 M below BR 1  
Unit 
Number 
Base 
level 
Top 
Level 
tentative 
Grain 
Size   Color  
Primary 
Structure  
Secondary 
structure  
Mottle 
Color  Contact  Nodules  Comments 
CAB10-
J-09A 0 cm  68 cm  
muddy 
silt  
greenish 
grey            
 ‘grey 
mudstone 
facies’ 
CAB10-
J-09B 
68 
cm  
107 
cm  
silty 
mud 
light 
greenish 
grey 5GY 
8/1    slickensides      
carbonate 
nodules 
 ‘grey 
mudstone 
facies’ 
CAB10-
J-09C 
107 
CM 
181 
cm 
silty 
clay  
greenish 
grey 5G 
6/1    
mud-filled 
burrows, 
black 
rhizoliths, 
slickensides red brown   
abundant 
carbonate 
nodules  
 ‘grey 
mudstone 
facies’ 
CAB10-
J-09D 
181 
cm  
210 
cm  
silty 
mud 
light 
greenish 
grey 5GY 
8/1    
carbon 
chunks, 
abundant 
slickensides 
moderate 
yellowish 
brown 
10YR 5/4     
‘grey 
mudstone 
facies’ 
powdery 
surface 
carbonate 
CAB10-
J-09E 
210 
cm  
219 
cm  
silty 
mud 
light 
greenish 
grey 5GY 
8/1      
greyish 
orange 
10YR 7/4- 
moderate     
‘grey 
mottled 
mudstone 
facies’ 
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yellowish 
brown 
10YR 5/4 
powdery 
surface 
carbonate 
CAB10-
J-09F 
219 
cm 
334 
cm  mud 
greyish 
red purple 
5RP 4/2   
abundant 
slickensides  
light 
greenish 
grey 5GY 
8/1, dark 
yellowish 
orange 
10YR 6/6       
 
